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Abstract
In Mexico’s state of Yucatán, climate change impacts like prolonged and less
predictable dry season length are manifesting as threats to agricultural production and
food security. Nearly two thirds of Yucatán’s population is indigenous, many of whom
live in rural communities that rely on rainfed subsistence agriculture (INEGI 2015).
Ensuring sufficient food production in the face of climate change relies on the quality of
agricultural soils. With both mismanagement of agricultural soils and climate change
posing as threats to food production in Mexico, soil management practices that increase a
soil quality should be identified and promoted. The primary objective of this project was
to evaluate and compare a number of important soil quality indicators across various soil
management practices in rural Maya towns of Yucatán, Mexico. Soil samples were
collected from milpas, and several soil quality indicators related to soil resilience were
analyzed. This project revealed that fallow period length was the management type most
influential on overall soil resilience, with longer fallow length periods resulting in more
resilient soils overall.

ii

Acknowledgements
This project would not have been possible without the Herold Fund from the
Department of Geography and the Environment and the Field Study Award from the
Conference of Latin American Geographers. I’m very grateful for the guidance and
support of my advisor, Dr. Matthew Taylor. Many thanks also go to my committee, Dr. J.
Michael Daniels and Dr. Patrick Martin. The comments and suggestions provided by my
committee were instrumental in informing this thesis. I’d also like to thank Daniel Reyes
for all his support and help with conducting my fieldwork in Yucatán. Lastly, I’m so
grateful to my mom, Raquel, for always being supportive and encouraging me in all that I
do.

iii

Table of Contents
Abstract.............................................................................................................................. ii
Acknowledgements .......................................................................................................... iii
List of Figures ................................................................................................................... vi
List of Tables ................................................................................................................... vii
Chapter 1: Introduction ................................................................................................... 1
1.1 Purpose of Study................................................................................................................... 1
1.2 Objectives .............................................................................................................................. 3

Chapter 2: Background .................................................................................................... 4
2.1 Climate Change Mitigation and Adaptation ..................................................................... 4
2.1.1 Social-Ecological Resilience Theory ............................................................................................ 5

2.2 Indigenous Agroecology ....................................................................................................... 6
2.2.1 Traditional Milpa Management .................................................................................................... 7
2.2.2 Agricultural Intensification in Milpa Management .................................................................... 13

2.2 Soil Quality.......................................................................................................................... 15
2.3 Soil Resilience ..................................................................................................................... 17
2.3.1 Arbuscular mycorrhizal fungi and soil resilience ....................................................................... 19
2.3.2 Glomalin and soil resilience ....................................................................................................... 22
2.3.3 Milpa Management Effects on AMF and Glomalin .................................................................... 23

Chapter 3: Study Area.................................................................................................... 26
3.1 Geography of Yucatán ....................................................................................................... 26
3.1.1 Physical Geography .................................................................................................................... 27
3.1.2 Cultural Geography .................................................................................................................... 31
3.1.3 Human-Environment Relationships ............................................................................................ 34

3.3 Importance of this Study ................................................................................................... 38

Chapter 4: Methods ........................................................................................................ 39
4.1 Fieldwork ............................................................................................................................ 39
4.1.1 Soil Sampling .............................................................................................................................. 40

4.2 Soil Analysis ........................................................................................................................ 41
4.2.1 Munsell Color.............................................................................................................................. 41
4.2.2 Electrical conductivity ................................................................................................................ 42
4.2.3 pH ................................................................................................................................................ 43
4.2.4 Soil Organic Carbon ................................................................................................................... 44
4.2.5 Spore Density .............................................................................................................................. 46
4.2.6 Aggregate Stability ...................................................................................................................... 47
4.2.7 Glomalin Related Soil Protein .................................................................................................... 49

4.3 Statistical Analysis.............................................................................................................. 51
4.4 Problems Encountered ....................................................................................................... 52

Chapter 5: Results........................................................................................................... 50
5.1 Milpas in Yucatán .............................................................................................................. 50
5.1.1 Yaxcabá ....................................................................................................................................... 52
5.1.2 Yaxhá ........................................................................................................................................... 54

5.2 Management Types ............................................................................................................ 56

iv

5.2.1 Fallow period .............................................................................................................................. 56
5.2.2 Controlled Burning ..................................................................................................................... 60
5.2.3 Soil Amendments ......................................................................................................................... 63

5.3 Soil Quality Indicators ....................................................................................................... 65
5.3.1 Electrical Conductivity................................................................................................................ 65
5.3.2 pH ................................................................................................................................................ 65
5.3.3 Organic Carbon .......................................................................................................................... 67
5.3.4 Aggregate Stability ...................................................................................................................... 69
5.3.5 Spore Density .............................................................................................................................. 70
5.3.6 Glomalin...................................................................................................................................... 70

5.4 Summary of Results ........................................................................................................... 72

Chapter 6: Discussion ..................................................................................................... 73
6.1 Implications of Results ....................................................................................................... 73
6.2 The Role of Fungi in Soil Resilience ................................................................................. 76
6.3 Conclusions ......................................................................................................................... 77
6.3.1 Future Research .......................................................................................................................... 78

References ........................................................................................................................ 80
Appendix A ...................................................................................................................... 92
Sample Details .......................................................................................................................... 93

Appendix B ...................................................................................................................... 94
Glomalin Method Details ......................................................................................................... 95
Protein Extraction ................................................................................................................................ 95
Bradford Protein Assay ........................................................................................................................ 96

96-well Microplate Templet..................................................................................................... 97

Appendix C ...................................................................................................................... 98
Munsell Color Results .............................................................................................................. 99
Soil pH and Electrical Conductivity Results........................................................................ 100
Soil Organic Carbon Results ................................................................................................. 101
Aggregate Stability Results ................................................................................................... 102
Spore Density Results............................................................................................................. 103
Glomalin Absorbance Value Results .................................................................................... 104

v

List of Figures
Figure 1. Milpa Cycle ........................................................................................................ 8
Figure 2. Milpa Under Cultivation. .................................................................................. 11
Figure 3. AMF Processes that Contribute to Plant Health and Soil Resilience. .............. 21
Figure 4. Root Cross Section with AMF and Glomalin. .................................................. 23
Figure 5. Map of Mexico. ................................................................................................ 26
Figure 6. WRB Soil Classifications in Study Area. ......................................................... 30
Figure 7. Cultural Characteristics of Rural Yucatán. ....................................................... 33
Figure 8. Land Cover Classification of Study Area. ........................................................ 36
Figure 9. Maize Root Samples in 70% Ethanol. .............................................................. 53
Figure 10. GRSP Microplate. ........................................................................................... 54
Figure 11. Milpa with Maize Stalks Bent Over from Hurricane Grace. .......................... 50
Figure 12. Map of Study Sites. ........................................................................................ 51
Figure 13. Yaxcabá. ......................................................................................................... 53
Figure 14. Irrigated Fields Outside of Yaxhá. ................................................................. 54
Figure 15. Soil Amendments in Yaxhá. ........................................................................... 55
Figure 16. Box Plots of Fallow Period Length. ............................................................... 58
Figure 17. Box Plots for Controlled Burning. .................................................................. 61
Figure 18. Box Plot for Soil Amendments. ...................................................................... 64
Figure 19. pH and MWD Correlation. ............................................................................. 66
Figure 20. OC% and MWD Correlation. ......................................................................... 68
Figure 21. GRSP and OC% Correlation. ......................................................................... 71
Figure 22. GRSP and Fallow Period Length.................................................................... 72
Figure 23. Poster Promoting a Milpa Diet to Prevent COVID-19. .................................. 73

vi

List of Tables
Table 1. Supernatant Amounts. ........................................................................................ 51
Table 2. Means and Standard Deviations of All Soil Analyses. ...................................... 56
Table 3. Mann-Whitney U Test Results for Fallow Period.............................................. 56
Table 4. Mann-Whitney U Test Results for Controlled Burning. .................................... 60
Table 5. Mann-Whitney U Test Results for Soil Amendments. ...................................... 63
Table 6. Aggregate Stability Classes................................................................................ 69

vii

Chapter 1: Introduction
1.1 Purpose of Study
Climate change is resulting in increased average temperatures, altered
precipitation patterns, and increased incidence of extreme weather events across the globe
(IPCC 2021). The resulting impacts on agricultural productivity are spatially variable,
with some regions feeling more negative effects than others. In Mexico’s state of
Yucatán, these climatic changes are manifesting as threats to agricultural production and
food security for several reasons. First, agriculture in this region is organized around the
annual dry season that typically lasts from November through May. Reduced rainfall
during the wet season paired with an extended dry season are predicted to exacerbate
current food production issues in the region (Nelson et al. 2014, Murray-Tortarolo et al.
2016, Murray-Tortarolo, Jaramillo, and Larson 2018). In addition, nearly two thirds of
Yucatán’s population is indigenous, many of whom live in rural communities that rely on
rainfed subsistence agriculture (INEGI 2015). The United Nation’s most recent report
from the Intergovernmental Panel on Climate Change (IPCC) asserts that these climate
change impacts are disproportionately affecting indigenous populations due to their
reliance on the environment for subsistence (IPCC 2022). Climate change’s negative
impacts on agricultural production not only contribute to food insecurity in indigenous
communities but also carry many other social and cultural consequences. Mexico has
seen increases in rural to urban migration in regions with elevated temperature extremes
1

and reduced rainfall (Jessoe et al. 2018). The resulting reduced social cohesion and loss
of traditional ecological knowledge further threatens the ability of the Yucatán’s
indigenous communities to adapt to and mitigate climate change impacts (Nawrotzki et
al. 2015). Because these social impacts are founded in issues of food production,
agriculture is a focus of many local and international efforts to reduce the impacts of
climate change in the most vulnerable populations.
Ensuring sufficient food production in the face of climate change relies on the
quality of agricultural soils. In addition to increasing crop growth and health, high quality
soils are marked by their ability to recover and regain functionality after unfavorable
conditions such as prolonged dry season length (Corstanje et al. 2015). This resilience is
an essential characteristic of high-quality soils, and it can reduce the overall impact of
climate related stresses on food production (Corstanje et al. 2015). Many modern
agricultural practices such as the use of inorganic fertilizers and other agro-chemicals are
known to degrade soils and lead to an increased demand for costly inputs overtime
(Karlen et al. 1997). Because much of the Yucatán’s indigenous population lives below
the line of poverty, agricultural input costs can be too great for many households and can
exacerbate local food insecurity (INEGI 2019, Poole, Gauthier, and Mizrahi 2007). With
both mismanagement of agricultural soils and climate change posing as threats to food
production in Mexico, soil management practices that increase a soil quality should be
identified and promoted.

2

1.2 Objectives
The primary objective of this project is to evaluate and compare a number of
important soil quality indicators across various soil management practices in rural Maya
towns of Yucatán, Mexico. This project focuses on analyzing indicators that are
suggested to reveal a soil’s ability to adapt to and mitigate climate change impacts. The
results of this project can serve to inform researchers on soil quality indicators that may
be most effective when comparing quality across management types. In addition, the
results can be useful to policy makers in regard to management types that should be
promoted for climate change adaptation and mitigation.

This project utilizes empirical evidence to address this objective on three fronts:
•

Evaluation of the selected soil quality indicators across different
management types common to the study region

•

Identification of which soil quality indicators were most sensitive across
different management types to assess which indicators may be most useful
in future research

•

Analysis of the relationships between soil quality indicators to better
understand soil and microbial dynamics

3

Chapter 2: Background
2.1 Climate Change Mitigation and Adaptation
Vulnerability to climate change impacts is high in many regions of Latin
America, particularly in rural areas where indigenous populations rely heavily on the
environment through rainfed subsistence agriculture (IPCC 2021). Environmental
impacts of climate change, like increased temperatures and changes in precipitation
patterns, threaten the food security of indigenous subsistence farmers by compromising
food production and the many ecosystem services provided by the environment. This
heightened vulnerability to environmental climate change impacts brings with it
concomitant social and economic impacts. Vulnerability to climate change is countered
by both mitigation and adaptation to current and future environmental impacts, resulting
in a diminishing effect of direct and indirect impacts overtime. Because agriculture is a
primary way in which humans interact with the environment, mitigation and adaptation
planning in agriculture can reduce overall vulnerability to climate change impacts (Altieri
et al 2015).
In agriculture, mitigation implies a contribution of agricultural land to the
reduction of the conditions contributing to climate change. Mitigation strategies rely on
the ecosystem services provided by agricultural lands; by optimizing agricultural
practices to maximize and support favorable ecosystem services, climate change
conditions are reduced over time. For example, a reduction in the use of nitrogen
4

fertilizers can reduce soil release of nitrous oxide (N 2O), an ozone-depleting gas and
contributor to the greenhouse effect. In addition, agricultural management practices that
increase soil carbon storage can be employed to reduce the amount of carbon dioxide
(CO2) in the atmosphere. Mitigation is a slow process dictated by atmospheric and
oceanic cycles often outside the time frame of a human life.
Climate change adaptation recognizes that the benefits of mitigation strategies are
often not immediate. Adaptation involves a reconfiguration in response to changed
circumstances and is essential to manage the current and future risks and impacts
associated with climate change. Adaptation strategies in agriculture can take many forms.
For example, to reduce an agricultural communities’ vulnerability to increases in
temperature, soil management strategies that increase soil water retention can be
employed. However, adaptive capacity is constrained by social conditions that help or
hinder processes of adaptation (Calderón et al. 2018; Jacobi et al. 2015). In this sense,
ecological adaptation cannot be separated from social adaptation. These two concepts
coalesce in social-ecological resilience theory.

2.1.1 Social-Ecological Resilience Theory
Social-ecological resilience theory is a conceptual framework for understanding
the ability of a social-ecological system to respond and reorganize itself in the face of
disturbances (Walker et al. 2004). Social and ecological systems are embedded into each
other through human interactions with the environment and the diverse components of
the social system that dictate these interactions. Classical resilience theory stems from the
study of ecological systems and reinforces the importance of understanding resilience as
5

a product of adaptive capacity (Levin 1998). An increase in the ecological resilience of a
system requires management practices that support and build up the processes and
conditions required for system adaptation (Levin 1998). Social resilience presents a
similar set of requirements for increasing adaptive capacity; the primary methods of
increasing social resilience necessitate improvements in human welfare and reductions in
overall vulnerability (Hellin et al. 2018). The improvement of ecological resilience
largely depends on the management of natural resources, and it is the social system that
guides management decisions. Social-ecological resilience theory can inform the
development of resilient agricultural management systems by placing these two systems
in the context of their coupled adaptive capacity.

2.2 Indigenous Agroecology
Indigenous communities throughout Central America have utilized systems of
swidden agriculture for millennia. Sometimes referred to as “shifting cultivation” or
“slash-and-burn”, these systems of agroecological management are likely the oldest form
of agriculture in the Americas (Barker 2006). One such system, most commonly referred
to as milpa, is practiced widely throughout areas of Maya settlement, including Mexico,
Guatemala, Belize, and parts of Honduras and El Salvador (Rodríguez-Robayo et al.
2020). While the term milpa is interpreted differently across these regions, cultivating a
milpa field generally involves the clearing and burning of forest, followed by the
intercropping of local maize varieties and other staple crops (Nigh and Diemont 2013).
Milpa is most often associated with subsistence agriculture, and in rural Maya
communities milpa serves as a primary source of food for indigenous households (Toledo
6

et al. 2003). After cultivation, successional growth is also modified to meet the needs of
both the environment and the farmers who cultivate the ever-changing landscape, making
milpa a central component of Maya food production and resource management.

2.2.1 Traditional Milpa Management
Milpa’s agricultural sustainability is founded in its cyclical process of burning,
intercropping, and forest regeneration (Nigh and Diemont 2013). Generally, traditional
milpas are small sized fields (1 hectare or less) cleared from the surrounding forest
(Anderson 2005). After initial clearing and before planting, milpa soils are burned with a
low intensity, controlled burn. The controlled burn provides the soil with an influx of ash
and charred plant material, which supply the soil with important plant nutrients like
nitrogen, phosphorus, and magnesium (Nigh and Diemont 2013). In the case of the
Yucatec Maya, burning also releases plant-available calcium from the Yucatán’s
limestone bedrock (Lawrence et al. 2007; Faust 1998). The charcoal added to the soil
serves as a nutrient reservoir and reduces the leaching of essential nutrients during the
wet season (Lehmann et al. 2003; Glaser et al. 2002). In addition, milpa soils are not
tilled, which further protects soil from loss of the carbon and nutrient additions released
by controlled burns.

7
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Figure 1. Milpa Cycle
Photo sources: forest: thenatureconservancy.com, controlled burn: marc.ucsb.com, all
other photos taken by the author (2021).
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Traditional milpas are rainfed and rely on precise planting times in anticipation of
the arrival of the wet season. The primary crops of milpas are referred to as “las tres
hermanas” or “the three sisters” and include maize (Zea mays L.), squash varieties
(Cucurbita pepo, C. ficifolia, C. maxima, C. mixta, and C. moschata) and the common
bean (Phaseolus vulgaris L.) (Postma and Lynch 2012). The domestication of these crops
is thought to have occurred in western Mexico, spanning from ten thousand years ago for
squash to as recent as three thousand years ago for beans (Postma and Lynch 2012). Each
year, seeds of these landraces are selected from the previous year’s harvest (OrtegaPaczka 2003). Thousands of years of this seed selection process across varied topography
and microclimates has resulted in regions of Maya settlement harboring the highest
biodiversity of maize in the world (Samayoa et al. 2018). Fundamentally, milpa
cultivation has played a key role in establishing and preserving agrobiodiversity (PérezGarcia and Castillo 2016).
Furthermore, intercropping of this triad of native crops increases plant available
nutrients and overall soil quality through several mutualistic interactions (Nigh and
Diemont 2013). P. vulgaris L. and other legumes belong to the Fabaceae family of
flowering plants and host nitrogen-fixing bacteria within root nodules. Legume plants
provide milpa soil and neighboring crops with nitrogen additions, and maize stalks serve
as a trellis for legumes to latch onto to gain more access to sunlight. Meanwhile, squash
plants remain low to the ground and provide protection from the overgrowth of weeds,
soil erosion, and water loss. In addition, squash produce cucurbita and other toxins that
9

help reduce weed growth and pests (Anderson 2005). Contrasting root architectures
among these crops is thought to result in spatial niche differentiation, which prevents any
one species from outcompeting the others for access to water and nutrients (Postma and
Lynch 2012). This differentiation is likely a result of undergoing domestic evolution
alongside one another in the milpa setting. Together, las tres hermanas form a mutually
beneficial growing environment optimized for food production and contribute to the
sustained biodiversity of both domesticated crops and weed species.

10

Figure 2. Milpa Under Cultivation.
Top: a typical milpa with maize, squash, and beans, bottom: close up of squash leaves
(with white specks) growing amongst beans and a diversity of weeds.
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After several growing seasons, the milpa is left fallow for a period long enough
(12 + years) to allow for forest regrowth and the replenishment of essential soil nutrients.
Crop residues are left intact as the surrounding forest reclaims the milpa. Organic matter
is added to the soil through the leaf litter and the roots of encroaching vegetation; this
source of carbon is important for the soil’s continued use in the milpa cycle. Previous
studies have shown the positive influences trees can have on soil quality through the
addition of nutrients, improvements in nutrient cycling, and increased water infiltration
and retention (Weil and Magdoff 2004; Campbell et al. 1994). It is common to find
leguminous trees like wild tamarind (Lysiloma bahamensis) growing in newly fallow
fields, as they have an advantage over non-nitrogen fixing species in the depleted soils
(Anderson 2005).
In addition to woody vegetation, other native plants are often incorporated into
this fallow period. Managed successional tree gardens, referred to by Yucatec Maya as
“pet kot”, serve as sites where edible, medicinal, or otherwise useful plants are cultivated
within the protection of a forest ecosystem (Nigh and Diemont 2013). At the landscape
scale, the stages of the milpa cycle contribute to biodiversity through successional forest
growth and the artificial selection of an array of native plants (Terán 2010). The
preservation of local biodiversity and the ecosystem services provided by successional
forest growth underline the milpa system’s role in Maya resource management.
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2.2.2 Agricultural Intensification in Milpa Management
Milpa cultivation involves many agricultural practices that are considered to be
sustainable cultivation methods, and milpa is used widely as a model for sustainable
agriculture. However, various political, economic, and cultural shifts in regions of Maya
settlement have resulted in the intensification of milpa management practices over time
(Pérez-Garcia and Castillo 2016; Smoock 2010). Drivers for the adoption of more
intensive management practices are varied across regions but are most often related to
government agricultural development projects, land protection policies, and the
integration of indigenous communities into national and international economies. This
instance of social and political drivers impacting trends in agriculture and land conditions
highlights the importance of analyzing agricultural management through the theoretical
lens of social-ecological resilience.
Agricultural intensification typically involves an increase in the use of external
inputs with the goal of increasing land productivity (Schmook 2010; Doolittle 1984;
Turner and Doolittle 1978). The most common intensification strategy among milpa
farmers is a reduction of the fallow period length coupled with an increase in the
cropping frequency (Smoock 2010). Within the past century, the average fallow period in
milpa systems fell from 25 years to 10 years. The fallow period is often much shorter (13 years) in regions where indigenous communities have lost access to land through
federal and state protection of forests (Schmook 2010; Klepeis et al. 2004). Numerous
studies have linked a decline in fallow period with increased application of external
inputs in the form of fertilizers, pesticides, and other agrochemicals (McConnel and Keys
13

2005; Shriar 2000; Netting 1993; Doolittle 1984; Turner and Doolittle 1978). Not only do
these costly inputs place an economic strain on indigenous farmers, but it is also
acknowledged that agro-chemicals contribute to soil degradation, water contamination,
air pollution, and can impact public health (Bennett et al. 2021; Polanco-Rodríguez et al.
2019). A shortened fallow period compromises the sustainability of the milpa cultivation
system, and it leaves Maya farmers increasingly vulnerable to both the direct
environmental and indirect social impacts of climate change.
Declines in milpa agro-diversity have also been attributed to this pattern of
agricultural intensification (Pérez-Garcia and Castillo 2016). Loss in crop biodiversity
reduces the overall adaptive capacity of milpa farmers because the maintenance of
genetic heterogeneity is critical to the variation that allows for adaptation to occur (Levin
1998). A greater diversity in crop genetics increases the probability of crop species
adaptation to climate change conditions. In addition, reduction in the biodiversity of
vegetation is known to impact soil physical properties as well as soil microbial
communities (Fattet et al. 2011, Negrete-Yankelevich et al. 2013). The cascading effects
attributed to loss of agro-diversity extend to reductions in overall soil quality (Altieri et
al. 2015). This is of particular concern due to indigenous farmers’ reliance on soil
conditions for food production and resource management. Social-ecological resilience
theory offers a framework for interpreting how changes in milpa management affect the
ability of indigenous farmers to mitigate and adapt to climate change impacts on
agriculture. Understanding how changes in milpa management affect milpa soil quality is
essential to assessing the overall social-ecological resilience of vulnerable communities.
14

2.2 Soil Quality
Soil quality has likely been an interest of humans since at least the beginning of
agriculture some 12,000 years ago. Soil quality has been defined as “the capacity of a soil
to function, within natural or managed ecosystem boundaries, to sustain plant and animal
productivity, maintain or enhance water and air quality, and support human health and
habitation” (Karlen et al. 1997). Soil is subject to processes of both natural and
anthropogenic degradation. Soil degradation indicates a reduction in quality through the
establishment of soil conditions that are unfavorable to plant and microbial life.
Degradation can commonly take the form of soil acidification, salinization, loss of soil
organic carbon, accelerated erosion, and reduced availability of essential macro and
micro-nutrients (Lal 2015). Because soil is a non-renewable resource within human
timescales, the preservation of soil quality is an important endeavor in both natural and
managed ecosystems.
Soil quality is measured using a variety of soil quality indicators. Huera-Lucero et
al. (2020) define a soil quality indicator as “a parameter that allows for the verification of
the soil’s situation in relation to its state of conservation, pollution, productivity, or any
other characteristic that provides information regarding its current and potential status”.
Desirable indicators show variation across management types, as this allows for a
comparison of the impacts that different management practices have on soil quality
(Bastida et al. 2008). Also influential are the relative ease of measurement, accuracy, and
ability to be applied across regions and soil types (Bastida et al. 2008).
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In agricultural contexts, soil quality is most often assessed based on a soil’s ability
to perform a particular set of functions (Bastida et al. 2008). An agricultural soil of high
quality will allow for high productivity while avoiding soil degradation; soil quality is
thus not limited to short-term health, but also important is the long-term and sustained
health of the entire soil ecosystem (Fuentes et al. 2009). Because short-term soil quality
functions like increased crop yields speak to the immediate and direct impacts that soil
has on human welfare, a majority of the measurements common in soil quality research
are focused on short-term soil quality. Long-term soil quality functions are often
overlooked in quality assessments (Bastida et al. 2008). For example, a soil’s ability to
sequester carbon for long residence periods makes soil a regulator of greenhouse gasses
at the global scale. Increased soil carbon sequestration reduces the atmospheric
concentration of CO2; this is an important indirect impact of high soil quality on human
welfare that deserves more consideration in quality assessments. Because soil quality
assessments are used to inform policy and project decisions, it is suggested that a more
robust array of soil quality indicators be utilized to properly measure the resilience of
Maya milpa management types.

16

2.3 Soil Resilience
Soil resilience is an important component of soil quality and can be defined as
“the capacity of a soil to recover its functional and structural integrity after a disturbance”
(Seybold et al. 1999). The use of the term soil resilience has recently gained popularity in
sustainable soil management research, as it can be representative of a soil’s ability to
respond to and recover from climate change impacts. One approach to evaluating soil
resilience is through the measurement of indicators that are representative of response
functions within the soil system (Seybold et al. 1999). However, reaction to a disturbance
or stress is not the only feature of resilient soils; initial resistance to a stress is another
essential component of resilience. Resistance ultimately determines the degree to which
response functions will be necessary for a soil to recover (Corstanje et al. 2015).
Both intrinsic and extrinsic factors influence a soil’s capacity for resistance and reaction
to a stress. A soil’s geographic context is intrinsic and includes soil formation factors
such as climate, organisms, relief, parent material, and time (Jenny 1941). The soil
habitat is comprised of four primary intrinsic features: water, air, minerals, and organic
matter. Together, these intrinsic features place constraints on the functions that occur
within the soil habitat. Extrinsic factors expand outward to include factors like land-use
and management type. These intrinsic and extrinsic factors interact with and influence
one another to form the basis of a soil’s resiliency (Corstanje et al. 2015).
Evaluating these features allows for soil functions to be placed in the appropriate
context of their potential resilience. The minerals clay, silt, and sand form the basis of the
soil habitat, and their relative concentrations impact many other foundational soil
17

characteristics. For example, the pore space between these mineral particles determines
the amount of air and water that can fill the soil habitat. Organic matter content is another
important control on soil characteristics because it influences the potential of essential
soil functions like carbon cycling and storage (Medina et al. 2015). Included within this
category of organic matter are the soil microbes that play an essential role in the living
and reactionary functions of a soil.
Soil microbial diversity and soil aggregation are thought to be some of the most
important factors in soil resiliency (Griffiths et al. 2008). Many soil functions are driven
by the microbial community, and it has been suggested that an ecosystem’s resilience in
the face of disturbances is dependent on the microbial part of the soil system (Döring et
al. 2015; Acosta-Martínez et al. 2008; Bastida et al. 2008; Griffiths et al. 2008). When
comparing microbial communities across soil management types, microbial parameters
have often shown consistent variation between organic and conventionally managed soils
(Bending et al. 2004). The sensitivity of biological soil quality indicators to different
management regimes makes them essential in identifying management impacts on soil
resilience. When a resilient soil function can be attributed to some measure of the
microbial community, optimal soil management practices can be chosen based on their
ability to support or hinder these microbial indicators (Griffiths and Philippot 2013). This
research project analyzes microbial indicators that can speak to soil functions of carbon
cycling and soil aggregating because a soil’s resilience largely depends on these two
functions. Carbon cycling and processes of soil aggregating are directly related to
microbes, particularly certain types of fungi.
18

2.3.1 Arbuscular mycorrhizal fungi and soil resilience
A resilient soil will work to reduce the impacts that climate change has on the two
primary natural resources necessary to agriculture: water and soil. Arbuscular
mycorrhizal fungi (AMF; phylum Glomeromycota) are commonly used as soil quality
indicators in agriculture because of the benefits they provide to crop plants and their
preservation of these two important resources (Gosling et al. 2006; Rillig and Mummey
2006). AMF are obligate symbiotes that evolved to form symbiotic relationships with
over 80% of all land plant families (Lee et al. 2013). Las tres hermanas and many other
crops rely on this symbiosis with AMF for a variety of benefits, the most prominent of
which is often enhanced uptake of phosphorus (Negrete-Yankelevich et al. 2013; Smith
and Smith 2012; Gosling et al. 2006). AMF are composed of long filamentous branches,
or hyphae, that grow outward within soil and form networks called mycelium. AMF
hyphae penetrate the cell walls of plant roots where they then branch outwards into a
tree-like shape within the cell. The penetrated root cells then serve as the site of
symbiosis and interchange between the plant and its AMF partner. Here, AMF trade
nutrients to the plants in exchange for carbon compounds produced during
photosynthesis. AMF also grow and branch out from the plant root zone further into the
soil matrix, gaining access to nutrients that plant roots cannot reach.
With this access, AMF can increase the availability of other macro and
micronutrients essential to plant growth such as Zinc, copper, iron, N, K, Calcium, and
Mg (Gosling et al. 2006). The network of mycelium formed by the AMF also helps to
physically hold soil in place and increase the amount of water retained by the soil (Chen
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et al. 2018; Treseder and Turner 2007). The increased water retention provided to plants
by AMF can reduce climate change impacts on the length of the dry season. In addition,
plants with AMF partners generally exhibit increased resistance to diseases and crop
pests; this is thought to be attributed to the diversity of AMF allowing the fungi to
outcompete root pathogens (Chen et al. 2018; Gosling et al. 2006). Not only do AMF
partners provide plants with increased resilience through a range of health benefits, but
AMF also directly contribute to increased soil resilience through these interactions with
their plant hosts.
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Figure 3. AMF Processes that Contribute to Plant Health and Soil Resilience.
At soil profile: black lines indicate plant roots, and grey lines indicate mycorrhizal fungi.
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2.3.2 Glomalin and soil resilience
Greenhouse gas regulation is pertinent to soil resilience because it involves the
sequestration of carbon in soil as well as the long-term process of soil building. It is wellestablished that AMF have a positive effect on total soil carbon storage (Rillig 2004).
There are several important ways in which AMF influence soil carbon stocks, and all of
these mechanisms are directly or indirectly related to AMF processes that form stable soil
aggregates (Leifheit et al. 2014; Gosling et al. 2006). Stable aggregates are formed when
soil particles stick together and delay the decomposition of the organic carbon being
aggregated. Plant root exudates provide much of the carbon that results in the formation
of these stable aggregates, and the release of these compounds from living roots is
strongly influenced by AMF (Rillig and Mummey 2006).
The primary direct effect of AMF on aggregate formation and stabilization is
through a glycoprotein called glomalin, which is produced solely in the tips of AMF
hyphae (Singh, Singh, and Tripathi 2013; Rillig and Mummey 2006; Rillig 2004).
Glomalin is often referred to as the “glue” that holds soil particles together because of its
effect on soil aggregation, and it can represent up to 5% of total organic carbon and
nitrogen held in soils (Treseder and Turner 2007). More research on the residency time of
glomalin is necessary, but it has been shown to persist in soil for more than 40 years
(Treseder and Turner 2007). A high concentration of glomalin indicates that a soil is
actively storing carbon in the form of stable aggregates. Any management practice that
disrupts soil structure and breaks down aggregates, like tillage, will result in a release of
that stored carbon (Singh, Singh, and Tripathi 2013; Roldán 2007; Borie et al. 2006).
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Figure 4. Root Cross Section with AMF and Glomalin.

2.3.3 Milpa Management Effects on AMF and Glomalin
The impacts of AMF and glomalin on soil resilience are in part dependent on the
type of soil management practices in use. Traditional milpa management practices
generally support AMF colonization and glomalin production. For example, AMF root
colonization is sensitive to input type, with decreased colonization rates when inorganic
fertilizers are used (Reyna-Ramírez et al. 2018; Fuentes-Ponce et al. 2016). Plants are not
incentivized to invest in a symbiotic relationship with AMF when excess inorganic
nutrients are available in the soil (Gosling et al. 2006). Biocides common to input23

intensive monoculture systems can also serve to reduce AMF colonization (Gosling et al.
2006). This example suggests that the organic inputs typically used in milpa management
support greater AMF colonization when compared to inorganic-input practices.
Milpas traditionally features intercropping with a high diversity of native crops
and plants both during cultivation and fallow periods (Rodríguez-Robayo et al. 2020;
Violi et al. 2008). Several studies have shown that AMF colonization is increased in high
agro-diversity milpa settings when compared to mono-crop cultivation in the same
regions (e.g., Sangabriel-Conde et al. 2015; Negrete-Yankelevich et al. 2013). The
proceeding fallow period is characterized by diverse cover crops (most often weeds) to
begin reforestation. Bare fallow periods negatively impact AMF colonization, so the
diversity of weeds present as the fallow period begins contributes to increasing the soil
quality benefits of AMF (Gosling et al. 2006; Spurney and Cavender 2000).
No-tillage or reduced tillage is another important practice that increases soil
quality by supporting AMF processes in milpa soils. Reduced tillage has consistently
been shown to increase AMF colonization and glomalin concentrations (e.g., Roldán
2007; Borie et al. 2006; Gosling et al. 2006). Tillage encourages the decomposition of
soil organic carbon and stable aggregates, as it exposes these vital carbon sinks to wind
and water erosion (Roldán 2007). The benefits of reduced tillage on soil quality are wellestablished; no-tillage improves both physical and biological soil qualities, and it
contributes to the preservation of stable aggregates and thus the sequestration of carbon
in soil (Roldán 2007; Borie et al. 2006). It has also been shown that controlled burning in
milpas does not negatively affect soil glomalin concentrations in the soil (Violi et al.
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2008). It’s clear that many traditional milpa practices work to increase soil quality and
support soil carbon sequestration processes driven by AMF. This function performed by
AMF can be quantified and interpreted through soil quality indicators involving AMF
and glomalin in milpa soils.
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Chapter 3: Study Area
3.1 Geography of Yucatán
Mexico’s state of Yucatán (Figure 5) is located in the southeast of the country in
the Yucatán peninsula. Bordered by the Gulf of Mexico to the North, Yucatán shares the
peninsula with the states of Campeche and Quintana Roo. The region is marked by its
tropical climate, biodiversity, and rich cultural history.

Figure 5. Map of Mexico.
Data source: ESRI.
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3.1.1 Physical Geography
With an average annual temperature of 34 C, Yucatán is one of Mexico’s hottest
regions. Total annual precipitation is around 100 cm, with most rainfall occurring during
the wet season, which spans from June through October. Average relative humidity
hovers around 70% year-round and peaks during the wet season. Climate conditions are
fairly consistent across the state, as Yucatán’s topography is relatively flat, with an
average elevation of 16 m.
Since the Last Glacial Maximum around 22,000 years ago, sea level rise has
encroached upon the carbonate platform that forms the Yucatán Peninsula. The current
exposed land of the peninsula is an accumulation of calcium carbonate containing sea
creatures cemented together with fine clays that collected on the ancient sea floor (Folan
1983). The northern portion of the state is an intrusive platform with Pliocene calcareous
rock, while the southern portion features karstic limestone of the Miocene and Eocene
(Bautista et al. 2011, Folan 1983). This limestone bedrock gives the Yucatán its
characteristic karstic system of aquifers and cenotes, which are underground spaces that
contain water and are open to the air above. Cenotes serve as primary water sources for
the Maya, as nearly all ancient Maya settlements are located near cenotes (Folan 1983). A
ring of cenotes has formed along the inland boundary of the famous Chicxulub impact
crater that impacted with the Earth around 66 million years ago. This area of
geohydrological importance is now protected as part of the Reserva Estatal
Geohidrológica Anillo de Cenotes, and its agricultural outer lands served as the study
area of interest in this project.
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Due to the high porosity of limestone, precipitation is quickly filtered down into
the groundwater system and does not remain in the soil long for plant availability. The
growing season corresponds with the arrival of the wet season to cope with lack of water
during the dry months. Vegetation throughout the state is varied and depends largely on
proximity to the coast and the southern “Puuc” hills where annual precipitation increases
slightly. The northern portion of the state is comprised of tropical dry broadleaf forest,
while the southern portion has moist broadleaf forests. In the flat central lowlands, open
canopied dry forests dominate the landscape, and their species composition is likely a
result of continuous Maya agroforestry and selection for useful fruit bearing tree species
such as the ramon, or Brosimum alicastrum (Rico-Gray and Garcia-Franco 1991). Other
common trees include the jabín (Piscidia piscipula), the Mexican alvaradoa (Alvarada
amorphoides), the Spanish Cedar (Cedrela orodata), the mora (Maclura tinctoria), and
the kapok tree (Ceiba pentandra) (Anderson 2005, Rico-Gray and Garcia-Franco 1991,
Folan 1983). Because the lowlands are relatively consistent in topography, variations in
vegetation community composition are primarily a result of changes in soil type.
The peninsula’s limestone platform has revealed itself gradually with sea level
change over millions of years, and the age of exposure of the surface is a primary factor
contributing to soil type (Bautista et al. 2011). The study area is centered in the karstic
plains that were exposed some 3.6 Mya, and this long exposure of the bedrock has
allowed time for the dissolution of limestone into various minerals that have influenced
soil formation. Agricultural soils in the study area are formed in the context of rolling
plains with an average elevation of around 20 m (Bautista et al. 2011). The warm weather
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and high humidity contribute to relatively fast rates of decomposition, which inhibit the
accumulation of organic matter in soils. The dominant plains soil types are leptosols,
cambisols, and luvisols, which feature little horizon development due to their shallow,
gravelly formation atop the limestone bedrock. Despite the general shallow depth (< 25
cm) of soils in the lowlands, this region is agriculturally productive and is cultivated at
both subsistence and commercial scales.
The Yucatec Maya have a long history of sophisticated soil classification that is
the product of thousands of years of observation and soil management. Several studies
have worked to record Maya soil knowledge and classification in accordance with the
Food and Agriculture Organization (FAO) World Reference Base (WRB) soil class
terminology (Palma-López and Bautista 2019; Estrada-Medina et al. 2013; Bautista and
Zinck 2010). Leptosols of the study region were most often rendzic, nudilithic, or haplic
leptosols, locally termed Pus lu’um, Tzek’el lu’umm, and Chak lu’um, respectively
(Palma-López and Bautista 2019). Rendzic leptosols are shallow (<25 cm deep) black
soils that contain calcium carbonate, >10% organic matter, and are well drained (PalmaLópez and Bautista 2019). Black soils with a greater presence of limestone rock
outcropping fall under the nudilithic leptosol classification, while haplic leptosols
typically appear red (Palma-López and Bautista 2019). Cambisols of the plains, or
Ma’taan Chak lu’um, are stony soils red or reddish-brown in color that feature < 5%
organic matter. Lastly, luvisols in the plains are most often epileptic and called Ma’taan
K’ankab lu’um. These soils can reach up to 50 cm deep and often feature a calcic and
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argic horizon, both formed by the dissolution of limestone below (Palma-López and
Bautista 2019).

Figure 6. WRB Soil Classifications in Study Area.
Data source: INEGI “Conjunto de Datos Vectorial Edafológico” (2007).
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3.1.2 Cultural Geography
Mayas first migrated north into the Yucatán Peninsula around 2500 B.C.
(Anderson 2005). The advanced and highly populated Maya civilization built numerous
cities and temples that still stand today and account for much of the region’s tourism.
Around 800 A.D., the Classic Maya civilization experienced a collapse, during which
most central areas with dense population were decimated (Anderson 2005). The cause of
this reduction in population was likely caused by a multitude of environmental and social
factors including a major drought (Anderson 2005). Despite the arrival of Spanish
conquistadores in 1511, Yucatán’s caste war (1847-1901), and the Mexican Revolution
(1910), Maya societies of the Yucatán have successfully carried many of their traditions
into the present day (Alexander 2006).
While Mayas have adopted many Spanish influences since colonization, they
have also preserved traditions including religious customs, medicinal and agricultural
practices, and traditional languages (Anderson 2005). Today, nearly one-third of the
Yucatán’s population speaks an indigenous language (INEGI 2015). Following Spanish,
the two most common languages in the region are Náhuatl and Yucatec Maya. The most
popular religion (over 75% of the population) in the state is Roman Catholicism. In Maya
communities, indigenous cultural identity is often expressed through traditional brightly
colored dress, various rituals, visits to sacred sites like cenotes, and the integration of
Maya religious beliefs with Catholicism. These traditions are most observable in small
rural towns, where Maya populations are most concentrated (INEGI 2015).
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In these rural areas, Maya livelihoods are primarily supported through agricultural
production (Anderson 2005). Men typically work in the fields as “milperos” while
women manage the household, process harvested crops, and perform many other
domestic skills. Most indigenous households in Yucatán participate in a dual economy
where goods are produced at the subsistence level and are supplemented with the
purchase of market goods (Toledo et al. 2003). As such, Maya communities in the region
are well integrated into Mexican society through market exchanges in addition to many
social and cultural connections built upon since the time of Spanish colonization (Toledo
et al. 2003).
Since the 1970’s, many Maya men and women have migrated from rural villages
to tourist centers in the peninsula, such as the city of Cancún (Cruz 2009). Increasingly,
Maya women will supplement the family income by travelling to Mérida to perform
domestic services such as cleaning and caring for children. This shift in work reflects the
general trend of rural to urban migration in indigenous communities seeking greater
economic opportunities (Parraguez-Vergara et al. 2018; Milan and Ruano 2014, Cruz
2009). Poverty, food insecurity, and natural disasters are among the most common
motivators for migration in Yucatec Maya communities (Anderson 2005).
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Figure 7. Cultural Characteristics of Rural Yucatán.
Photo sources: top (3): echoesofthejourney.com, bottom left (2):
bicycleyucatan.wordpress.com, bottom right (2) puntomedio.mx
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3.1.3 Human-Environment Relationships
Maya culture is inexorably tied to the human-environment relationships present
throughout the Yucatán Peninsula today. Thousands of years spent inhabiting the
Yucatán region have resulted in an accumulation of observations and adaptations to the
surrounding environment. Through droughts, hurricanes, and no shortage of changes
brought about by the peninsula’s increased population density and tourism, Mayas have
adapted and continued to manage the land and its resources. Accumulated environmental
knowledge, or traditional ecological knowledge (TEK), has been passed down through
generations and forms the basis of land cover and land-use in the region today.
The most prevalent and apparent influence of Maya TEK is seen in the Yucatán’s
subsistence agricultural practice of milpa cultivation. Regarded as an axis of Maya
culture, the milpa serves as a reservoir of ancestral TEK that has evolved to meet the
needs of present-day milperos (Rodríguez-Robayo et al. 2021; Cruz 2009). In addition to
providing families with nutrition, milpas are commonly cited for their contributions to
social cohesion at the family and community levels (Rodríguez-Robayo et al. 2021). In
addition to milpas, the production of henequen is a continued tradition from preColumbian Maya agriculture. Henequen or, Agave fourcroydes, is native to Yucatán and
its fibers have long been harvested for use in ropes and weavings. Other prominent crops
grown in the state are sorghum, oranges, mangos, peppers, and lemons.
Beekeeping is another important source of income for many indigenous
households, as organic honey from the region is a major export to European markets. The
ancient Maya were expert beekeepers; today, Yucatán honey is primarily produced with
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the native Melipona beechii species, called Xunan kab in Yucatec Maya. These bees are
important pollinators for the region and can often be seen visiting flowering maize in
milpas as well as the diverse flowers of the surrounding forests (Anderson 2005). In
addition to securing sources of firewood and medicinal plants, pollination within these
forests is crucial to sustaining regional biodiversity and ecosystem services.
Despite the influence of Maya TEK on land-use, many ecosystems in the Yucatán
are in a state of degradation. Tourism, while contributing to local economies, can be a
source of stress on the region’s limited water resources, particularly during the dry
season. Commercial livestock raising is further exacerbating the issue of access to
drinking water, as commercial operations typically convert forest into permanent pasture.
Runoff from industrial pig farms has recently been an issue of focus due to contamination
of groundwater sites that include many cenotes held sacred by the Maya (Rosado van der
Gracht 2021). In addition, cattle raising in pastures is common at both subsistence and
commercial scales. Land ownership is often shifted from migrating indigenous
population into the hands of larger agricultural corporations. This has led to increased
deforestation, groundwater contamination, and soil degradation.
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Figure 8. Land Cover Classification of Study Area.
Data source: INEGI “Conjunto de datos vectoriales de uso del suelo y
vegetación” (2018).

A similar shift has occurred within many Maya communities where traditional
agricultural practices have been replaced or supplement by more intensive agricultural
practices (Pérez-García and Castillo 2016). This transition was prompted chiefly by the
Green Revolution of the 1950’s and 60’s, where increases in agricultural productivity
were achieved through the promotion of new crop varieties, irrigation, and the use of
fertilizers. Mexico’s International Maize and Wheat Improvement Center (CIMMYT)
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was established during this time and conducted research on improving yields that has
since reached nearly every country on Earth. While the Green Revolution is often lauded
for its contributions to reducing food insecurity, it’s also criticized for its promotion of
practices that degrade the environment and make poor, rural populations dependent on
expensive agricultural management practices.
Federal and state level government programs have since promoted the
consumption and planting of monoculture hybrid corn varieties through programs like
Diconsa and Procampo (Zahniser and Coyle 2004). In addition to programs that work to
increase yields with hybrid crops that reduce the agro-diversity of milpas, the protection
of forest areas through regulations on controlled burning has also altered milpa
cultivation (Pérez-García and Castillo 2016; Ibarra et al. 2011; Martin et al. 2011). Many
forest protection efforts have prioritized economic opportunities in eco-tourism over the
land-use needs of rural indigenous communities. Sembrando Vida, a federal social
program aimed at reforestation, was implemented in Yucatán beginning in 2019. It aims
to promote reforestation by offering monthly payments to milperos who plant fruit trees
in their milpas. In order to receive the payments, milperos must not apply controlled
burns, which directly contends with traditional milpa soil management.
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3.3 Importance of this Study
Many local and federal programs, like Sembrando Vida, are aimed at improving
both social and ecological resilience through the promotion of various land management
practices. Social-ecological resilience theory asserts the importance of both social and
ecological systems in adapting to and mitigating climate change impacts. This project
focuses on the ecological system of milpa soils, yet this ecological endeavor cannot be
separated from the complex set of interactions and influences brought about by the social
system’s influence over soil management.
To inform and evaluate the efficacy of agricultural development programs,
accurate measures of resilience before and after the program are necessary. Similar
projects concerning indigenous agricultural management have expressed the need for
more robust soil quality indicators to be included in measures of ecological resilience
(Gonzalez-Esquivel et al. 2020). To more accurately evaluate climate change
vulnerability and resilience in rural Yucatán’s Maya communities, a more precise
measure of soil resilience should be established. Quantification of soil resilience and an
understanding of the specific management practices that build up this resiliency will
allow for more robust vulnerability and sustainability assessments and can better inform
the objectives of agricultural development programs.
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Chapter 4: Methods
4.1 Fieldwork
The fieldwork portion of this project took place during several weeks in August of
2021 and consisted of semi-structured interviews with farmers and the collection of
topsoil and maize root samples. This fieldwork was conducted during the COVID-19
pandemic, so fieldwork protocols were adapted to fit restrictions on travel, social
gatherings, and the use of personal protective equipment. Many rural areas of Yucatán
had low COVID-19 vaccination rates during this time period, so interviews were
conducted with an excess of caution and respect for the health of everyone involved.
Locating milpas that reflected the target constant and dependent management
variables proved to be difficult for several reasons. Due to a recent hurricane in the area,
many farmers were busy making repairs and were also without telephone and electricity
for varying time periods. Fieldwork recommenced after waiting several days after the
hurricane to ensure that interview and sampling time was not hindering farmers’
responsibilities in regard to hurricane damage. A large portion of time spent in the field
consisted of talking with locals about areas or farmers that were likely to have
traditionally managed milpas. During the initial interview process, farmers were asked to
describe their management practices. If their practices and field characteristics fit the
target constant variables, they were asked for more details about their management
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practices. A list of the detailed management practices for each sampled field site is
included in Appendix A.

4.1.1 Soil Sampling
In the field, with permission from each respective landowner, a trowel was used
to collect the first 10 cm of topsoil. The trowel was washed off with water and a towel in
between the collection of each sample. Each sample was collected 25 cm from the base of
a maize stalk. Proximity to plant roots can impact several of the soil quality indicators
included in this project, particularly those related to microbial process in the rhizosphere
(Bastida et al. 2008). To avoid edge effects, a buffer zone of 5 m was used around the
perimeter of each sampled field. These spatial sampling decisions were employed
because soil characteristics can be highly dynamic, even across the same field.
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To account for in-field variation of soil characteristics, 10 random samples were
collected across each field using stratified random sampling (Pennock, Yates, and
Braidek 2006). Fields were stratified into two halves. From one half of the field, five
random samples were collected and compiled into the first composite sample, and the
remaining five random samples from the other half of the field were compiled into a
second composite sample. Replication of soil samples is necessary, as it can provide an
estimate of the experimental error in soil analyses (Pennock, Yates, and Braidek 2006).
The 10 selected fields resulted in 100 total samples, composited into 20 samples, with
two composite samples representing one half of each field.
Due to the warm and humid climate of the Yucatán, samples were placed in
plastic bags and stored in a cooler until they were able to be air dried in an airconditioned
room in Mérida. Once dried, approximately 70 g of each homogenized soil composite
was placed in labeled soil shipment bags. In Denver, the dried soil samples were stored at
4 C until removed for analysis.

4.2 Soil Analysis
4.2.1 Munsell Color
Soil color has long been a staple qualitative assessment in soil identification and
classification. Soil color can reveal an immediate approximation of many soil properties
including the concentration of organic carbon, iron content, and soil texture (Rossel et al.
2006). A Munsell Color chart (Munsell Color 2010) was used to determine the color of
the dry samples by taking a sample of soil and placing it on white paper. Colors were
determined under consistent light conditions outside on a sunny day to prevent variations
41

in light sources and resulting perceived color differences. Recorded dry Munsell colors
for each sample can be found in Appendix C.

4.2.2 Electrical conductivity
Soil electrical conductivity (EC) is a measure of the total electrical potential of a
soil. EC is most often interpreted as a measure of soil salinity in agricultural studies, and
it has proven to be sensitive to variations in management practices like irrigation and the
application of fertilizers (Corwin and Lesch 2005). Because plant nutrient acquisition and
plant water uptake are influenced by soil salinity, EC is an important indicator of a soil’s
potential for crop production (Corwin and Lesch 2005). EC can be influenced by a range
of soil conditions including salinity, clay and organic matter content, saturation
percentage, and temperature (Corwin and Lesch 2005). In order to more clearly interpret
EC, organic carbon content is included in the soil analyses of this project. Saturation
percentage and temperature were held constant during the following EC measurement
procedure for consistency across samples.

A 1:1 paste was created with 5 grams ( 0.006) of air-dried soil and 5 mL of
deionized water for EC1:1 analysis (Singer and Janitzky 1986). One control sample of 10
mL of deionized water was used for each 1:1 paste soil sample. A Vernier EC sensor was
calibrated prior to use and again after use with each set of four 1:1 paste soil samples. The
sensor was calibrated in each instance using an EC standard solution of 1000 S/cm.
Results were recorded in S/cm on a Vernier LabQuest2 device.

42

4.2.3 pH
Soil pH is a measure of a soil’s hydrogen ion concentration using a negative
logarithmic scale. Soil acidification is a natural result of soil processes like microbial
respiration, organic matter decomposition, and leaching, among many others (Gerrard
2000). An increase in positively charged hydrogen ions from these processes displaces
cations that serve as important soil nutrients. A primary example of this displacement is
the conversion of ammonium (NH4+) into nitrate (NO3-) by nitrifying bacteria. During the
nitrification process, four excess hydrogen ions are produced. While maize can tolerate a
relatively wide range of pH values, beans and squash are more sensitive to pH values
under pH 6.5 (Chávez-Mendoza, Hernández-Figueroa, and Sánchez 2018). When
ammonium-based fertilizers are used in agriculture, this can contribute to a greater excess
production of hydrogen ions and can lead to soil that is too acidic for crop germination
and growth.
The buffering capacity of soils determines how susceptible the soil is to
acidification (Gerrard 2000). Limestone bedrock provides Yucatán soils with base-rich
minerals like calcium carbonate, which help to prevent soils from becoming highly
acidic. Hydrogen ions react with the carbonate anions in limestone and produce
bicarbonate ions that neutralize the soil environment. Despite the high buffering capacity
of Yucatán’s soils, overuse of and continual application of fertilizers can result in soils
becoming too acidic for milpa production.
A 1:1 paste was created with 5 grams ( 0.006) of air-dried soil and 5 mL of
deionized water for pH analysis (Singer and Janitzky 1986). One control sample of 10
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mL of deionized water was used for each 1:1 paste soil sample. A Vernier pH sensor was
calibrated prior to use and again after use with each set of four 1:1 paste soil samples.
The sensor was calibrated in each instance using buffer solutions of pH 7 and 10.

4.2.4 Soil Organic Carbon
Soil organic carbon (OC) is a measure of the total carbon stored in decomposing
plant litter, stable aggregates, and soil microbes (Stockmann et al. 2013). Most OC is
stored in the topsoil, as this is where organic matter inputs from plant litter and soil
microbes are most concentrated. Carbon containing compounds serve as an energy source
for soil microbes. OC is an important indicator of soil quality because it effects nutrient
cycling, the formation of stable aggregates, and the storage of carbon, among many other
essential soil processes mediated by microbes.
OC is sensitive to vegetation types and plant diversity, as different amounts and
chemistries of leaf litter can influence how much carbon is stored in the soil through
microbial processes (Wiesmeier et al. 2019). Heterotrophic soil bacteria and fungi use the
carbon and nutrients held in organic matter for their energy needs. Sometimes referred to
as the “microbial carbon pump”, microbial exudates are responsible for upwards of 80%
of carbon held in stable aggregates (Wiesmeier et al. 2019; Gleixner et al. 2002). In
addition, soil type influences OC through differences in mineral contents. Because soil
type is controlled by a multitude of factors contributing to soil formation such as climate,
topography, and parent material, OC is also influenced by all of these factors to some
extent. However, land use is often attributed as having the greatest influence on OC
changes, as land use changes can dramatically alter conditions for the “microbial carbon
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pump” (Wiesmeier et al. 2019; Roldán 2007; Guo and Gifford 2002). Because the study
region has little variation in climate, topography, and parent material, differences in OC
measures should reflect the impacts of land use on microbial processes.
The Walkley-Black method was used to determine percent organic carbon. This
method relies on the oxidation of organic matter by chromic acid when in the presence of
sulfuric acid (H2SO4). The excess amount of chromic acid is determined by titration with
ferrous sulphate (FeSO4). Soil samples were first prepared by a 2 mm sieve; the <2 mm
fraction was collected and ground with a ceramic mortar and pestle. For each sample, 0.5
g of soil was weighed and placed in labeled 500 mL flasks for analysis. One control flask
was used for each group of four samples. After the addition of H2SO4 and potassium
dichromate (K2Cr2O7), samples were titrated with FeSO4 until the solution reached a
bright red color. Results were recorded and calculated into OC percent with the following
equations:
𝑁𝐹𝑒𝑆𝑂4 =

𝑚𝐿 𝐾2 𝐶𝑟2 𝑂7 × 𝑁 𝐾2 𝐶𝑟2 𝑂7
𝑚𝐿 𝐹𝑒𝑆𝑂4

𝑚𝑒𝑞 𝐹𝑒𝑆𝑂4 = 𝑚𝐿 𝐹𝑒𝑆𝑂4 × 𝑁𝐹𝑒𝑆𝑂4

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 =

(𝑚𝑒𝑞 𝐾2 𝐶𝑟2𝑂7 − 𝑚𝑒𝑞 𝐹𝑒𝑆𝑂4 ) × 0.003 × 100
× 1.33
𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑠𝑎𝑚𝑝𝑙𝑒

=

(10 − 𝑚𝑒𝑞 𝐹𝑒𝑆𝑂4 ) × 0.399
𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑠𝑎𝑚𝑝𝑙𝑒
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Where 1.33 is a correction factor, as approximately 77% of carbon is accounted for in
this method (Singer and Janitzky 1986). Two trials were conducted for each sample, and
their averages across the two results were used in data analysis.

4.2.5 Spore Density
Spore density is a representation of the total number of arbuscular mycorrhizal
spores present per g of soil. Spore density is relevant to soil resilience because spores are
essential to the re-establishment of AMF populations after a disturbance. Density can be
interpreted as an indicator of AMF reproductive efforts and is often lower in instances
where AMF populations are not well supported by soil conditions (Verzeaux et al. 2017a,
Birhane et al. 2017). Spore density is influenced by many factors, most principally those
pertaining to the availability of suitable host plants. Host plants were constant across
sampled milpas in this project, as maize, legumes, and squash are all suitable partners for
arbuscular mycorrhizal symbiosis. However, host plants are more likely to allow for the
symbiosis to occur when they have limited access to soil nutrients or water (Smith and
Read 2008). Differences in the management of soil nutrients can impact plant willingness
to pair with AMF and can thus influence spore density (Verzeaux et al. 2017a).
Spores were extracted using a sucrose gradient method (Ianson and Allen 1986).
First, two sucrose solutions were prepared at 60% and 20%. In 500 mL beakers, 5 grams
( 0.006) of air-dried soil was weighed before adding 200 mL of deionized water. The
soil solution was mixed with a magnetic stir bar for 2 minutes before being poured
through three stacked sieves of sizes 710 m, 500 m, and 38 m. Material captured by
the 500 m sieve was checked for presence of spores under microscope to ensure that the
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sieves were adequately sized to capture spores. The 38 m sieve proved to be an optimal
size to capture spores.
A sucrose gradient was then prepared in 50 mL glass centrifuge tubes. 20 mL of
60% sucrose solution followed by 20 mL of 20% sucrose solution was poured into each
tube. Material captured on the 38 m sieve was collected with a rubber policeman and
added to a corresponding labeled centrifuge tube. In groups of four, samples were
centrifuged at 960 × g for 2 minutes. The supernatant was then quickly decanted onto a
38 m sieve, and the remaining material was washed under tap water for 1 minute. The
material was then transferred to a plastic petri dish lined with a Fisherbrand filter paper of
diameter 9 cm.
Paper filters were dried at 4 C for 24 hours to allow for improved visibility and
easier counting of spores. For each petri dish, spores were counted incrementally by
focusing the field of view on each grid square 40X magnification with a dissecting
microscope. After recording the spore counts from each square, petri dish counts were
totaled to represent the total number of spores extracted from 5 g of soil. Total counts
were divided by 5 and recorded as the density of spores found per g-1 of dried soil.

4.2.6 Aggregate Stability
Soil aggregates are defined as assemblages of “particles that adhere to each other
more strongly than to surrounding particles” (Leifheit et al. 2014). Aggregate stability is
a measure of the ability of soil aggregates to resist degradation from outside physical
forces (most often water and wind). Soil aggregates serve as physical protection for
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organic molecules that become “locked up” within stable aggregates; thus, aggregate
stability measures can reveal how susceptible a soil is to erosion as well as the soil’s
ability to store organic carbon long-term (Jastrow and Miller 1997; Le Bissonnais 1996).
Aggregate stability measures have been used to predict and quantify processes of soil
degradation, so it is of particular importance when considering the resilience of a soil to
climate change and land use change impacts (Le Bissonnais et al. 2007).
Aggregates are comprised of particulate organic matter, root exudates, fungal
hyphae and mycelium productions (such as glomalin), and soil particles (clay, silt, and
sand) in varying percentages. The relative amounts of these components will differ across
soil and land-use types (Fattet et al. 2011; Abiven et al. 2009). For example, soils with a
high percentage of smectite clay are more susceptible to soil swelling when wet, and this
can contribute to the breakdown and building of soil aggregates. In contrast, illite clays
from marine sources, do not swell and result in different assemblages of soil aggregate
sizes (Legout et al. 2005; Gerrard 2000). Differences in vegetation also contribute to
variations in aggregate stability due to vegetation’s influence on microbial process that
are responsible for the formation of aggregates (Fattet et al. 2011). The measurement of
aggregate stability offers a simple procedure for interpreting how a multitude of factors
(microbial, textural, etc.) combine to form the foundation of a soil’s resilience.
Aggregate stability was determined using the fast-wetting standard method
(ISO/CD 10930), developed by Le Bissonnais (1996). Each soil sample was poured onto
a 2 mm sieve, where 2.5 g ( 0.006) of air-dried soil aggregates were then removed
individually with tweezers. Selected aggregates were between 2 and 5 mm in size.
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Aggregate samples were then immersed in 25 mL of room temperature deionized water
for 10 minutes before being transferred to a 63 m sieve. The sieve was gently moved by
hand five times in deionized water to separate fragments smaller than 63 m in size.
A stream bottle with water was then used to wash the collected aggregates out and
into a labeled beaker. Aggregates were then oven dried for 24 hours at 40 C. After
drying, each beaker of aggregates was poured onto a column of six sieves sized 2000 m,
1000 m, 500 m, 250 m, 90 m, and 63 m. Each captured size fraction was then
transferred to a watch glass and weighed. The mass percentage of each size fraction was
calculated using the initial weight of each sample.
Aggregate stability was expressed by computation of the mean weight diameter
(MWD) in mm with the following equation.
𝑛

𝑀𝑊𝐷 = ∑ 𝑥𝑖 𝑤𝑖
𝑖=1

where 𝑥𝑖 is the mean diameter of any particular size range of aggregates separated by
sieving, and 𝑤𝑖 is the weight of aggregates in that size range as a fraction of the total dry
weight of soil used.

4.2.7 Glomalin Related Soil Protein
The term “glomalin” is reserved for the gene product of the glycolprotein that is a
homologue of the plant heat shock protein 60 (Janos, Garamszegi, and Beltran 2008;
Gadkar and Rillig 2006). “Glomalin related soil protein” (GRSP) has instead been
proposed as a more appropriate term when measuring the protein in an assay. Although
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glomalin is the principal protein extracted for use in a protein assay, other similar
proteins like polyphenols and humic acids may also be present in the extraction
(Schindler, Mercer, and Rice 2007). The Bradford protein assay is a common assay used
in soil protein measurement (Janos, Garamszegi, and Beltran 2008). This assay uses a dye
(Coomassie Brillient Blue G-250) which binds with proteins and changes in color from
red to blue depending on total protein content (Bradford 1976). The colorimetric changed
is measured using a spectrophotometer at a wavelength of 595 nm and compared to a
standard solution with a known protein concentration. Greater absorbance values reflect
higher concentrations of extracted proteins. GRSP absorbance is calculated using the
following equation:
𝐴𝐺𝑅𝑆𝑃 = 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑙𝑎𝑛𝑘

Total GRSP was extracted from 1 g soil samples using a solution of 50 mM
sodium citrate, pH 8, at 121 C for 1 hr in a pressure cooker (Wright and Upadhyaya
1999). (See Appendix B for detailed extraction and protein assay procedure.) After each
extraction, samples were centrifuged at 6850 × g for 10 min to pelletize soil. Following
centrifugation, supernatants were decanted into separate labeled centrifuge tubes and
stored at 4 C.
A modified Bradford protein assay was used to measure the total protein
concentration of the sample supernatants (Bradford 1976, Wright and Upadhyaya 1996).
Protein concentration was determined using a bovine serum albumin (BSA) standard
curve. Briefly, BSA ampules were diluted with phosphate buffered saline (PBS) and
pipetted into a 96-well microplate as a serial dilution in triplicate. The resulting BSA
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standard curve was used to compare the protein measurements of each soil sample’s
supernatants. Supernatants were also diluted with PBS to standardize pH, which can
affect absorbance (Janos, Garamszegi, and Beltran 2008). Adjusting the amount of
supernatant is critical to the resulting measurements remaining within the range of the
standard curve. The amount of supernatant included in each well was determined using
the following table.

Sample color
µl sample/well
Golden
50 +
Golden-brown
25-50
Brown
10-25
Reddish brown
5-10
Reddish black
1-5
Table 1. Supernatant Amounts.
All supernatants were reddish-brown in color, so 10 µl of each sample was added
to sample wells in triplicate. Next, 25 µl of the Pierce Coomassie Assay Reagent was
added to all wells. Absorbance was read using a microplate reader at A 595 (595 nm).
Results were recorded as g protein per kg-1 of soil.

4.3 Statistical Analysis
IBM SPSS Statistics program was used to conduct data analysis and to
create plots. The Mann-Whitney Test tests the null hypothesis that two random variables
are the same against the alternative hypothesis that one variable is stochastically smaller
or larger than the other variable (Mann and Whitney 1947). Burn status, fallow period,
and soil amendment type served as the independent variables. The Mann-Whitney Test
was used to identify any differences among each individual soil analysis across these
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three independent variables. For example, the ranked values soil EC, pH, percent organic
carbon, aggregate stability, spore density, and GRSP, were compared across short and
long fallow period managements to reveal if fallow period length had a significant impact
on any given soil characteristic. The Mann-Whitney Test is a non-parametric test that
does not assume a normal distribution and works well for small sample sizes (Mann and
Whitney 1947). These are key assumptions given that the soil data come from a relatively
small sample size of 20. Normal Q-Q plots were created to visually assess the normality
of residual values for each soil analysis and to confirm that the Mann-Whitney Test is
appropriate to use. A confidence interval of 95% was used for each test.

4.4 Problems Encountered
•

Root colonization: maize root samples were collected from two maize
plants in each sampled milpa. The height of each sampled maize plant was
recorded to ensure similar stages of growth among all samples. These root
cuttings were stored in 70% ethanol and were to be removed for AMF root
colonization analysis with the gridline intersect method (Vierheilig 1998).
As the soil import permit used did not allow for the import of plant roots,
these roots remained in Mérida. I was unable to return nor find someone
capable of performing the root colonization analysis.
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Figure 9. Maize Root Samples in 70% Ethanol.
•

Spore diversity: while spores were adequately visible under the dissecting
microscope used to measure spore density, spores were not in a condition
in which species or genus level identification was possible. Spore diversity
analysis was then replaced with spore density. Spore diversity is a more
robust measure of AMF community and function, so this change impacted
the interpretation of spore results that the author had intended for this
project.

•

Sampling: for each sampled field, 2 composite samples were created from
5 soil samples each. In retrospect, I should have kept all 10 samples from
each field separate, as this would have resulted in 100 total samples. A
sample size of 20 does not allow for the use of the Student’s T test, as it is
difficult to achieve a normal distribution with a sample size under 35.
Performing statistical analysis with a sample size of 100 would have
offered more robust statistical analyses.
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•

Glomalin (GRSP): The Bradford protein assay uses a known protein
standard to calculate the concentration of protein in unknown samples. In
this case, the standard curve resulting from the microplate reader did not
follow the expected pattern of values. This is most likely due to
experimental error when calculating BSA concentrations in the standard
solution. Without the standard curve, calculations of GRSP concentrations
for 1 g-1 soil were not possible. Instead, GRSP absorbance values
expressed in absorbance units (au) were used to reveal variability amongst
the samples.

Figure 10. GRSP Microplate.
BSA standards (rows A-C) show lack of color variation, while sample wells (rows D-H)
show variation, indicating the expected response to the protein binding dye
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Chapter 5: Results
5.1 Milpas in Yucatán
All samples were collected in the weeks following Hurricane Grace, a category 3
hurricane that brought heavy rain and strong winds to the peninsula. Many milpas
showed signs of the hurricane; maize stalks were seen toppled over in several of the
sampled fields, yet no milpa vegetation was uprooted or killed from the storm in sampled
fields. Out of all samples, 10 came from short fallow period milpas, 10 came from long
fallow period milpas, 4 did not burn, 16 did burn, 6 used organic soil amendments, and
14 used inorganic amendments (Appendix A). All milpas were rainfed, 2 hectares or
smaller in size, no till, contained maize, legumes, and squash, and were planted within
the same two-week period of June 2021 (Appendix A). Sample areas were concentrated
around two towns, Yaxcabá and Yaxhá.

Figure 11. Milpa with Maize Stalks Bent Over from Hurricane Grace.
50

Figure 12. Map of Study Sites.
Black dotted line denotes the boundary of the Reserva Estatal Geohidrológica
Anillo de Cenotes. Data source: ESRI.
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5.1.1 Yaxcabá
Yaxcabá is a medium sized rural town (population ~ 3310) where over 90% of the
population is indigenous (Pueblos America 2020). The area is mainly flat with rolling
hills and an average elevation of 27 m. Milpas sampled around Yaxcabá included
samples M1-M5.3. Milpas designated M5.1, M5.2, and M5.3 represented one farmer’s
fields in which several sections had been cleared and planted at different times. M5.1 had
a fallow period of 1 year, while M5.2 and M5.3 had fallow periods of 3 and 6 years,
respectively.
Milpas sampled in and around Yaxcabá tended to use inorganic soil amendments,
primarily in the form of herbicides and fertilizers. Most often, amendments were not
applied consistently across years of cultivation; instead, their use depended on the
availability of household funds. The only milpa with organic amendments sampled in this
area was part of a traditional Maya medicinal garden run by a local shaman. Irrigated
agriculture was not present in and around Yaxcabá; rainfed milpas were the dominant
type of agriculture. Many households also kept cattle in fenced enclosures near their
homes. Most often, farmers reported field sizes in mecates. One mecate is equivalent to
400 m2. These values were then converted into hectares for recording field size.
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Figure 13. Yaxcabá.
Upper left: cows behind a fence along a pathway where several households have milpas
amongst forest, upper right: a roadside building where maize is sold, lower: Cenote
Yaxcabá, located in the center of the town.
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5.1.2 Yaxhá
Yaxhá is a small rural town (population ~224) where over 95% of the population
is indigenous (Pueblos America 2020). The area is very flat with an average elevation of
19 m. Milpas sampled in this area included samples M6-M8 (Figure 12). The town of
Muna (population ~3000) is located 7.2 km southeast of Yaxhá and features a greater
presence of irrigated fields and monocultures of maize. Irrigated agriculture was more
prominent in this area, but Yaxhá only exhibited rainfed milpas. In irrigated fields,
farmers often cited the unpredictability of the dry season as a reason for irrigation, yet
climate change was not mentioned explicitly in connection to the dry season. Many
milperos in Yaxhá sell their excess milpa harvest at the market in Muna.

Figure 14. Irrigated Fields Outside of Yaxhá.
Left: an irrigated field that was left fallow during the dry season and was recently
planted, right: an irrigated monoculture field of maize along the main road from Muna to
Yaxhá.

Several milpas with organic inputs in the form of compost were sampled near
Yaxhá, where organic inputs were more common than in Yaxcabá. This is likely because
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the federal program Sembrando Vida had a greater presence in this area, and Sembrando
Vida promotes the use of compost in milpas by instructing farmers in compost production
and application. Despite the presence of Sembrando Vida near Yaxhá, locating milpas
where controlled burns did not occur was difficult. Sembrando Vida requires that milpas
are not burned, yet many farmers who take part in the program continue to practice
controlled burning each year. Farmers described that oversight in the Sembrando Vida
program was minimal, so many farmers choose to burn their milpas in order to increase
the fertility of the soil without the purchase of other amendments.

Figure 15. Soil Amendments in Yaxhá.
Left: an empty bottle of Paraquat, the most common herbicide used in the area, right:
orange metal bins where a farmer produced compost for field applications
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5.2 Management Types

Short fallow period
Long fallow period
Burn
No burn
Inorganic inputs
Organic inputs
Total

Mean and Standard Deviation
Aggregate stability
EC (µS/cm )
pH
OC (%)
(MWD)
452 ± 63
6.49 ± 0.39 3.54 ± 2.05
0.881 ± .262
452 ± 84
7.31 ± 0.57 5.87 ± 2.95
1.264 ± .290
461 ± 75
7.06 ± 0.58 5.31 ± 2.75
1.182 ± .275
416 ± 51
6.26 ± 0.36 2.28 ± 0.54
0.633 ± .052
446 ± 71
7.03 ± 0.64 4.89 ± 2.45
1.160 ± .348
464 ± 80
6.61 ± 0.54 4.13 ± 3.54
0.869 ± .188
452 ± 72
6.91 ± 0.63 4.71 ± 2.75
1.072 ± 0.333

Spore density
(Spores/g-1)
22.18 ± 10.24
24.10 ± 14.71
23.93 ± 13.73
20.00 ± 3.46
22.18 ± 14.00
25.37 ± 7.99
23.14 ± 12.38

GRSP (avg.
absorbance)
0.319 ± 0.039
0.318 ± 0.076
0.347 ± 0.069
0.341 ± 0.054
0.359 ± 0.067
0.314 ± 0.051
0.345 ± 0.065

Table 2. Means and Standard Deviations of All Soil Analyses.
Means and standard deviations for each management type are also included.

5.2.1 Fallow period
Fallow periods were split into two categories for all analyses. Fallow periods of
one year or less were grouped into the short category, and fallow periods greater than one
year were grouped into the long category. Fallow periods of the sampled milpas ranged
from only the dry season months of the year (~ 6 months) to as long as 8 years (Appendix
A). The Mann-Whitney U Test revealed the level of difference for each soil characteristic
across fallow period lengths.

Mann-Whitney Hypothesis Test: Fallow Period
p-value
EC
1.000
pH
0.003*
OC%
0.043*
Aggregate stability
0.029*
Spore density
0.684
GRSP
0.165
*denotes significance at alpha 0.05

Table 3. Mann-Whitney U Test Results for Fallow Period.
Null hypothesis: no difference exists between short and long fallow period values.
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Soil pH showed the greatest difference between the two fallow period lengths
with a p-value of 0.003. Short fallow periods had a mean value of pH 6.49, which is just
below the soil pH range for optimal growth of Phaseolus vulgaris (Chávez-Mendoza,
Hernández-Figueroa, and Sánchez 2018). Long fallow periods had a mean pH within
range at pH 7.31. An extended fallow period likely contributes to a higher pH by
allowing time for more vegetation regrowth to occur in between periods of cultivation.
Organic inputs (like those from vegetation leaf litter and root exudates) have been shown
to stabilize soil pH in milpas (Reyna-Ramírez et al. 2018). This could also explain the
difference in OC% values across fallow period length, as plant litter is a primary source
of carbon input into the soil system. With a p-value of 0.043, OC increased by an average
of 2.33% in fields with a fallow period longer than one year. Similarly, MWD of soil
aggregates increased by an average of 0.383 mm in fields with long fallow periods. The
addition of plant litter and root exudates that occurs during the reestablishment of
vegetation in fallow milpas contributes to the available energy sources for microbial
decomposers. Microbes produce extracellular enzymes during decomposition, which act
like a “glue” and are responsible for the formation of stable aggregates.
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Figure 16. Box Plots of Fallow Period Length.
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Figure 16 (cont.). Box Plots of Fallow Period Length.
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5.2.2 Controlled Burning
Mann-Whitney Hypothesis Test: Controlled Burn
p-value
EC
0.335
pH
0.016*
OC%
0.007*
Aggregate stability
0.001*
Spore density
0.750
GRSP
0.963
*denotes significance at alpha 0.05

Table 4. Mann-Whitney U Test Results for Controlled Burning.
Null hypothesis: no difference exists between controlled burn and no controlled
burn values.

Controlled burning was split into two categories: burn and no burn. Once again,
the Mann-Whitney U Test revealed which soil characteristics were different between
these two management types at a 95% confidence interval. Aggregate stability (MWD)
showed the strongest difference with a p-value of 0.001. The average MWD of
aggregates increased by 0.549 mm in fields with a controlled burn. Similarly, OC had a
p-value of 0.007 and increased by an average of 3.03% in burned fields. Controlled burns
generate an influx of carbon and micro and macro nutrients into soil, and this is likely
why these two soil characteristics displayed a significant difference between the two
management types. As carbon and nitrogen are released into soil after a burn, microbial
metabolic processes that contribute to the formation of stable aggregates are increased
due increased access to essential nutrients (Gosling et al. 2006). With a p-value of 0.016,
pH also differed between burn managements with an average increase of pH 0.8 in
burned fields. Ash generated during a burn contains calcium which is alkaline and
contributes to soil pH stabilization.
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Figure 17. Box Plots for Controlled Burning.
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Figure 17 (cont.). Box Plots for Controlled Burning.
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5.2.3 Soil Amendments
Mann-Whitney Hypothesis Test: Soil Amendments
p-value
EC
0.659
pH
0.239
OC%
0.353
Aggregate stability
0.033*
Spore density
0.179
GRSP
0.062
*denotes significance at alpha 0.05

Table 5. Mann-Whitney U Test Results for Soil Amendments.
Null hypothesis: no difference exists between inorganic and organic soil
amendment values.

Soil amendments were split into two categories by input type: inorganic and
organic inputs. The Mann-Whitney U Test revealed a significant difference in aggregate
stability only, with a p-value of 0.033. Because inorganic inputs typically result in less
microbial biomass by discouraging plants from pairing with symbiotic microbes, it is
unexpected that the MWD was on average 0.291 mm larger in fields where inorganic
herbicide and fertilizer were applied. While inorganic soil amendments have been shown
to reduce soil pH, this dataset did not show a significant difference in pH between
inorganic and organic amendments. This is in contrast with previous studies in milpas
that found a decrease in pH in fields with inorganic amendments when compared to those
using organic amendments (Reyna-Ramírez et al. 2018).
The lack of significant differences across soil amendment types suggests that
input type may not have been as influential on soil characteristics in this dataset when
compared to fallow period and controlled burning. The portion of fields where inorganic
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amendments were applied was much larger than that of fields with organic inputs, and
this could have skewed the data results.

Figure 18. Box Plot for Soil Amendments.
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5.3 Soil Quality Indicators
5.3.1 Electrical Conductivity
With an average value of 452 μS/cm and a standard deviation of 72 μS/cm, EC
values displayed considerable range even among samples coming from the same field
(Appendix C). The lowest EC value of 330 μS/cm came from sample M1-S2. The EC
value measured from sample M1-S1 of the same field was 444 μS/cm, which is a
difference of approximately 1.5 standard deviations. At alpha 0.05, EC did not display
significant difference across any differences in management type. Due to in-field
variability and lack of variation across management types, EC was not included in any
regression models. In addition, no strong correlations were found between EC and the
other included soil quality indicators. While EC can be useful in evaluating in-field
variation in agriculture, this dataset suggests that it is not a relevant indicator for use in
analysis of variations across management types. A larger sample size would be helpful to
determine if EC should be considered when looking for variations in future studies.

5.3.2 pH
The average pH across all sampled fields was 6.91, which corresponds to the
expected pH value of karstic regions in the Yucatán Peninsula (ISRIC 2020). pH values
were relatively consistent in samples collected from the same fields, with one exception.
The lowest recorded pH was 5.83 from sample M8-S2, while the other sample from M8
had a pH of 6.70. Given that pH 5.83 is significantly lower than all other values, it is
likely that this can be attributed to experimental error. The highest pH values (7.89 and
7.80) both came from M5.2. Notes recorded in the field specified that soil from this
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particular field had very high amounts of organic matter (small twigs, roots, etc.) and
many small limestone rocks. In addition, OC% values determined from lab analysis for
M5.2 were relatively high (9% +). Despite the addition of inorganic fertilizers that could
lower pH in this milpa, it is likely that pH is high due to excess organic matter and
calcium containing rocks that tend to raise pH.

pH and MWD Correlation
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Figure 19. pH and MWD Correlation.
pH and MWD of stable aggregates displayed a moderate (R2 = 0.6) positive
correlation. A slightly weaker (R2 = 0.42) positive correlation was found between pH and
OC%. Stable aggregates contain high amounts of carbon in the form of organic matter, so
these two positive correlations with pH indicate that more carbon is stored in stable
aggregates when pH is alkaline. Overall, pH displayed significant variation across 2 of
the 3 management types. It was also correlated with several other soil characteristics
without reaching levels of correlation that produce collinearity (R2 > 0.7) in models. For
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these reasons, pH was useful for inclusion in regression analysis, which is discussed later
in this chapter.

5.3.3 Organic Carbon
Average OC% across all samples was 4.71% with a standard deviation of 2.75%.
This value falls within the range of expected OC% given the soil types of the study area
(Figure 6, Section 3.2.1). The Walkley-Black method of analysis is optimal for OC%
values below 8% (De Vos et al. 2007, Singer and Janitsky 1987). Several samples
contained higher percentages, so all samples were retested using a smaller soil amount
(0.25 g down from 0.5 g), as this is a common method used to improve the accuracy of
soils outside the optimal range for this method.
The lowest OC% value came from sample M2-S1 at 1.8%. This field had the
shortest fallow period length (6 months, only during the dry season) and was not burned.
Carbon is known to enter the soil system through leaf litter during fallow periods as well
as through carbon released from controlled burns, the low OC% of M2 is not unexpected.
The highest OC% value recorded was for sample M4-S2 at 11.3%, which is more than
two standard deviations greater than the mean OC%. The section of the field where M4S2 samples were collected had a very high amount of organic matter in the form of twigs,
small roots, leaf litter, and ash. In contrast to the other sampled section of the same field,
M4-S1 had an OC% value of 3.04%. When speaking with the farmer of M4, they noted
that the M4-S2 section of the field was not performing as well as the area of M4-S1.
Based on the constant topography, soil type, and management practices across the field, it
is unclear why one section would have drastically higher OC%.
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Figure 20. OC% and MWD Correlation.
When this outlier was removed, OC% displayed a moderate (R2 = 0.53) positive
correlation with the MWD of stable aggregates. Due to significant differences in OC%
values across 2 of the 3 management types in this dataset, OC% was useful as a sensitive
indicator capable of showing variation across management types.
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5.3.4 Aggregate Stability
Average MWD of water stable aggregates was 1.072 mm with a standard
deviation of 0.333 mm. This size falls into the “medium” stability class of aggregates
described by Le Bissonnais (1996). MWD values from the same fields displayed
relatively consistent values suggesting that experimental error was minimal (Appendix
C). The smallest MWD (0.599 mm) was recorded for sample M8-S1, which comes from
a milpa with organic soil amendments (compost), and this low value is likely why
aggregate stability was found to decrease in fields with organic inputs. The largest MWD
(1.752 mm) came from M1-S2, which interestingly also had the highest spore density.

Class

MWD value/mm

Stability

1
2
3
4
5

<0.4
0.4-0.8
0.8-1.3
1.3-2.0
>2.0

Very unstable
Unstable
Medium
Stable
Very stable

Table 6. Aggregate Stability Classes.
As mentioned previously, the MWD of stable aggregates had moderate positive
correlations with pH and OC%. In addition, MWD was significantly different across all 3
variations in management type. This dataset suggests that MWD is a sensitive parameter
that may be important to include in studies comparison between management types is
desired. Furthermore, the method used to calculate MWD in this study is relatively
simple, as the only specializes equipment needed is a set of soil sieves at particular sizes.
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5.3.5 Spore Density
Spore density proved to be the most variable soil characteristic measured, yet it
did not show any significant differences across management types. Average spore density
increased in milpas with long fallow periods, controlled burning, and in fields where
organic inputs are used, however these increases were not significant at the 95%
confidence interval (Table 2). The average spore density per 1 g-1 of soil across all
management types was 23.14 spores with a standard deviation of 12.38 spores (Table 2).
Given that the standard deviation is over half the value of the mean, spore density was
not helpful in comparing across management types, nor was it useful in evaluating
correlation relationships between soil characteristics. In-field variation suggests that
experimental error may be the source of spore density’s variation. While counting spores
was an extremely tedious and time-consuming process, the spore extraction process was
likely the primary source of error. After centrifugation, the spores and other pieces of
organic matter caught on the 38 m were transferred to a petri dish. This transferring
process proved to be difficult, and it’s likely that not all extracted spores were
successfully transferred onto the petri dish for counting.

5.3.6 Glomalin
There was a lack of variation amongst repetitions coming the same sample
supernatant, and this suggested that the assay results were successful in revealing GRSP
variations across different samples (Appendix C). Average GRSP absorbance across all
samples was 0.345 au with a standard deviation of 0.065 au. The lowest GRSP value
(0.269 au) came from sample M3-S1, which also had below average values for MWD
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and OC%. M3 management included a short fallow period (~ 6 months), a controlled
burn, and inorganic inputs of herbicide and fertilizer. The highest GRSP value (0.500 au)
came from sample M5.2-S1, which had above average values for MWD and OC%. Milpa
5.2 management included a 3-year fallow period, a controlled burn, and the use of an
herbicide. GRSP displayed a moderate positive relationship with OC% (R2 = 0.4469) yet
showed a weak relationship of positive correlation with MWD (R2 = 0.1803).

GRSP and OC% Correlation
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Figure 21. GRSP and OC% Correlation.
Despite the apparent positive linear relationship between GRSP and OC%, unlike
OC%, GRSP did not display any significant differences between management types.
However, GRSP average absorbance did show a moderate positive correlation with
fallow period length when fallow period length was expressed with numerical values
instead of short and long categories (R2 = 0.346).
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Figure 22. GRSP and Fallow Period Length.

5.4 Summary of Results
Fallow period length and controlled burning were the two management types that
showed the greatest variation among soil quality indicators. Soil pH, OC%, and the
MWD of stable aggregates were the most useful indicators for distinguishing between
management types because they displayed significant differences across short and long
fallow periods as well as controlled burn status. Soil quality indicators showed little
significant variation across soil amendment types, indicating that inorganic and organic
inputs did not affect soil quality indicators as expected.
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Chapter 6: Discussion
6.1 Implications of Results
Milpas in the study area surrounding the Reserva Estatal Geohidrológica Anillo
de Cenotes in Yucatán, Mexico, showed considerable variation among management
practices in use. Maya culture, as with any culture, is not static. The “traditional” model
of the milpa cycle was rare, as many social, cultural, and economic shifts have led to a
variety of adaptations in milpa management practices. Despite the many changes in milpa
practices, milpas remain an axis of Maya culture in Yucatán.

Figure 23. Poster Promoting a Milpa Diet to Prevent COVID-19.
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The adoption of non-traditional management practices reflects the current state of
social-ecological systems in spaces of Maya culture. In the study area, the most
significant changes to traditional milpa management were the shortening of fallow
periods and the use of inputs like agro-chemicals and compost. This project revealed that
these differences in management can have impacts on various soil quality indicators that
speak to overall soil quality and to the resilience of soil to climate change impacts.
Average fallow period lengths have been drastically reduced across most areas of
Maya settlement. In the state of Yucatán, milpa fallow periods traditionally lasted a
minimum of 30 years, during which trees reached the “Kaabal K’aax” stage of growth
with a canopy height greater than 15 m (Ebel 2018). The sampled milpas in this study
had an average fallow period of just 2.5 years, a time period that typically allows for the
successional growth of small brush (< 2 m in height) (Ebel 2018). The ecological role of
a fallow period in soil management is to restore carbon and nutrient cycling through
organic inputs from successional growth. This project revealed that milpas with a short
fallow period (1 year or less) had soils with lower OC%, lower pH, and a lower MWD of
stable aggregates (Table 3). In addition, GRSP values were typically lower, although not
at a significant level, in milpas with a short fallow period. These lower values generally
reflect a soil’s reduced ability to resist and respond to climate change impacts because
soil aggregates are more susceptible to wind and water erosion. The subsequent loss of
soil, carbon, and essential nutrients held in stable aggregates can work to exacerbate
issues of food security, as the purchase of inputs may become necessary to make up for
the lost soil benefits provided by a longer fallow length period.
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The inclusion of inorganic inputs in the milpa system first began with the onset of
the Green Revolution in the 1950’s and 60’s. Despite previous studies showing that
inorganic agro-chemicals generally reduce soil quality and resilience, this project was not
able to reveal any clear relationships among input type and soil quality indicators. The
use of inorganic inputs was widespread in the study area, yet the variations among
inorganic input types and frequencies of application were considerable. These variations
are likely a principal reason that no clear relationships could be identified from the
sample data.
Use of inputs like fertilizers, herbicides, and compost depended on several social
factors like cultural views of the milpa model, household economics, and the level of
influence of agricultural programs like Sembrando Vida. For example, one milpa, which
was managed by a Maya shaman, was intentionally managed with the same traditional
practices that the shaman’s grandfather once used in the same area. In contrast, the
application of agro-chemicals in other sampled milpas was often inconsistent from year
to year and depended mainly on the availability of household funds for purchase of
inputs. In addition, Sembrando Vida offers $5,000 Mexican pesos (~ $245 USD) each
month to participants, and this payment system appeared to influence milperos’ decisions
to include organic inputs like compost. While one intention of this project was to identify
and quantify changes in soil resilience related to input type, the variation in input types
proved to be too great for the relatively small dataset. However, this project can inform
future social-ecological resilience studies in the area and exemplifies the need for an
improved understanding of the decision making behind the use of inputs.
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6.2 The Role of Fungi in Soil Resilience
Three soil quality indicators related to fungi were chosen for this project because
of the various benefits to both plant and soil resilience provided by AMF. Maize root
colonization, spore density, and GRSP analyses aimed to reveal management impacts on
soil resilience and to connect other important soil quality indicators to these fungal
measures. Only two of these fungal measures were able to be analyzed, and due to
constraints of sample size, input variations, and experimental errors, fungi did not prove
to be useful soil quality indicators in this project. This is contrary to previous studies in
which fungi have showed considerable variation across management types and have been
suggested as sensitive indicators of soil resilience (see Section 2.2.3 “Milpa Management
Effects on AMF and Glomalin”). Interestingly, visible mushrooms growing in milpas
were described by some farmers to be a sign of a high-quality soil, with quality in this
case referring to fertility and yields.
Spore density and GRSP were not found to be significantly different across any of
the three different management types (Tables 3, 4, and 5). However, differences in GRSP
values were nearly significant across short and long fallow period lengths (p-value
0.165). Because milpas with longer fallow periods tended to have higher organic carbon
percentages, the increase in GRSP with increasing fallow period length matches the
expected correlation between these two soil quality indicators. The positive relationship
between GRSP and percent organic carbon (R2 = 0.4469) is related to the important role
of glomalin in adhering to organic matter and securing these carbon containing particles
within stable aggregates. However, the MWD of stable aggregates had a weaker
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relationship with GRSP than would be expected (R2 = 0.1803). This is contrary to the role
of glomalin in forming stable aggregates but could be a result of other impacts of
management type on GRSP. The moderate positive linear relationship between GRSP
and fallow length period expressed in years suggests that grouping fallow length periods
into short and long categories may have reduced the ability of hypothesis testing to reveal
variations over time. This relationship also emphasizes the significance of fallow period
length impacts on fungal soil quality indicators and indicates that time is an important
factor to consider when analyzing these indicators.
Spore density also did not show significant differences across management types,
yet averages did increase in fields with longer fallow periods, controlled burns, and
organic inputs (Table 2). Spore diversity was originally chosen for analysis because this
metric has been shown to vary in previous studies on inorganic and organic inputs (Oehl
et al. 2004). It has been suggested that tillage may be one of the most influential
management practices effecting spore density (Verzeaux et al. 2017b). Spore density may
not have shown significant variation because all sampled milpas were no till, and spore
density may not be as sensitive as spore diversity to differences in input types.

6.3 Conclusions
The results of this project suggest that fallow period length may be one of the
most influential changes in milpa management currently affecting soil resilience in the
study area. Similar studies on the impacts of fallow period length on soil quality
indicators in tropical slash-and-burn agricultural systems have also found that longer
fallow periods are important for improving soil conditions after cultivation (Lintemani et
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al. 2019, Jakovac et al. 2015). Soil quality indicators related to fungi showed variation,
albeit insignificant variation, across short and long fallow period lengths. A more robust
sampling of milpas in the study area would likely reveal if these fungal measures should
be included in future studies.
Despite a lack of significant variation across management types in this project,
glomalin measures in milpas of Yucatán can be useful because the carbon cycling role of
glomalin is relevant to both mitigation of and adaptation to climate change impacts in
milpa management. Many reforestation programs like Sembrando Vida recognize and
rely on the importance of quantifying carbon storage in trees to gain support and funding.
The sequestration of atmospheric CO2 provided by reforestation program can help
mitigate climate change, and this benefits humans at a global scale. The sequestration of
CO2 in soil has both global and local benefits because many mechanisms involved in soil
carbon storage also contribute to local soil resilience. Increasing soil resilience can
reduce the need for costly inputs and increase local food security. This project underlines
the potential of glomalin and other soil quality indicators related to fungi to achieve this
goal. The results also highlight the need for soil resilience research in the study area to
incorporate social-ecological resilience theory when evaluating what drives particular
management decisions.

6.3.1 Future Research
Future research in the study area should aim to collect more robust data on
glomalin in addition to other soil quality indicators that may offer predictive capabilities
in glomalin modeling. Furthermore, a quantification of glomalin in relation to soil carbon
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storage could reveal two important findings. First, differences in glomalin across
management types could reveal how management affects the formation of stable soil
aggregates and the resilience of these aggregates to certain climate change impacts.
Second, the measurement of glomalin concentration could reveal long-term soil carbon
storage in contrast to more common organic carbon measures that do not differentiate
between short and long-term carbon storage. Future research should also focus on the role
of the social system in influencing management practices, as the intersect of social and
ecological systems is relevant to informing agricultural development and reforestation
programs.
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Sample ID
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

Site ID
M1
M1
M2
M2
M3
M3
M4
M4
M5.1
M5.1
M5.2
M5.2
M5.3
M5.3
M6
M6
M7
M7
M8
M8

Location
N 20 35' 20"
W 88 57' 01"
N 20 33' 05"
W 88 48' 41"
N 20 33' 24"
W 88 50' 17"
N 20 30' 37"
W 88 49' 27"
N 20 36' 08"
W 88 55' 10"
N 20 36' 08"
W 88 55' 10"
N 20 36' 08"
W 88 55' 10"
N 20 25' 55.5"
W 89 44' 40.6"
N 20 32' 22.8"
W 89 40' 26.4"
N 20 32' 22.8"
W 89 40' 26.4"

Field size (hectares)
2.00
2.00
0.50
0.50
1.00
1.00
1.00
1.00
0.25
0.25
0.25
0.25
0.25
0.25
0.50
0.50
0.25
0.25
0.25
0.25

Water source
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF

Planting Time
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June

Species cultivated
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS
MLS

Tillage
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

Burn
B
B
NB
NB
B
B
B
B
B
B
B
B
B
B
B
B
B
B
NB
NB

Fallow period
2 years
2 years
6 months
6 months
6 months
6 months
8 years
8 years
1 year
1 year
3 years
3 years
6 years
6 years
1 year
1 year
2 years
2 years
1 year
1 year

Soil amendments
HB
HB
HB, F
HB, F
HB, F
HB, F
N
N
HB, F
HB, F
HB
HB
HB
HB
HB, F
HB, F
CP
CP
CP
CP

Abbreviation key: RF = rainfed, MLS = maize, legumes, squash, NT = no till, B = controlled burn, NB = no controlled burn,
HB = herbicide, F = fertilizer, CP = compost, N = none.
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Glomalin Method Details
Protein Extraction
1. Sieve soil samples and collect fraction <2 mm
2. Weigh 1 g of <2 mm soil and place in labeled 50 mL centrifuge tube
3. Puncture the lids of each centrifuge tube and cover with micropore tape
4. Place 8 mL of 50 mM sodium citrate, pH 8.0, in each tube
5. Gently mix contents before placing in pressure cooker
6. Prepare pressure cooker with 250 mL water and place samples inside upright
7. Bring pressure cooker up to pressure (121 C, 15 psi)
8. Once pressure is reached, start timer for 1 hr
9. After 1 hr, allow pressure cooker to de-pressurize before removing samples
10. Immediately after removal, replace punctured caps with regular caps and centrifuge
samples at 6850 × g for 10 min
11. Decant supernatant into separate labeled 50 mL centrifuge tube, with no hole in cap
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Bradford Protein Assay
1. Prepare stock solution of 5 µg BSA/150µl PBS (33.33 µg/1 mL)
a. Place contents of 1 BSA ampule (2000 µg BSA/1 mL) a small glass bottle
b. Add 59,000 µL PBS (59 mL)
c. Gently mix contents together and store at 4 C until needed
2. Thaw and dilute stock solution in microplate with PBS as follows (in triplicate):

Well
designation
Blank
Standard 1
Standard 2
Standard 3
Standard 4
Standard 5
Standard 6
Standard 7

BSA
(µg/well)
0
0
0.833
1.666
2.500
3.333
4.166
5.000

BSA stock
solution (µl)
0
0
25
50
75
100
125
150

PBS
(µl)
150
150
125
100
75
50
25
0

3. Add 150 µl of PBS minus the volume of extract (10 µL) to each well in a 96 well plate.
4. Start 5 min on timer. Carefully add 25 µl of (room temperature) Coomassie protein dye
reagent to each well. Mix quickly and well with a pipette.
5. Pop bubbles with needle (clean needle between samples)
6. After 5 mins, place microplate in reader with lid on, and read at Absorbance 595 nm
7. Use BSA standard curve to calculate g protein kg-1 material extracted
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96-well Microplate Templet
1

2

3

4

5

6

7

8

A

0

0

0.833

1.666

2.5

3.333

4.166

5

B

0

0

0.833

1.666

2.5

3.333

4.166

5

C

0

0

0.833

1.666

2.5

3.333

4.166

5

D

M1-S1

M1-S1

M1-S1

M1-S2

M1-S2

M1-S2

M2-S1

E

M3-S1

M3-S1

M3-S1

M3-S2

M3-S2

M3-S2

F

M5.1-S1

M5.1-S1

M5.1-S1

M5.1-S2

M5.1-S2

G

M5.3-S1

M5.3-S1

M5.3-S1

M5.3-S2

H

M7-S1

M7-S1

M7-S1

M7-S2

10

11

12

M2-S1

M2-S1

M2-S2

M2-S2

M2-S2

M4-S1

M4-S1

M4-S1

M4.2-S2

M4.2-S2

M4.2-S2

M5.1-S2

M5.2-S1

M5.2-S1

M5.2-S1

M5.2-S2

M5.2-S2

M5.2-S2

M5.3-S2

M5.3-S2

M6-S1

M6-S1

M6-S1

M6-S2

M6-S2

M6-S2

M7-S2

M7-S2

M8-S1

M8-S1

M8-S1

M8-S2

M8-S2

M8-S2

97

9

BSA standard serial dilution shown in tan colors, amounts listed are in µg BSA/well. Blanks contain 150 µl of PBS. Sample wells
total 150 µl of PBS and are repeated in triplicate.
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Munsell Color Results

Sample ID
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

Munsell
5YR 4/4
5YR 3/2
2.5YR 4/4
2.5YR 3/4
5YR 4/4
5YR 4/4
2.5YR 4/6
7.5YR 2.5/1
5YR 4/3
5YR 4/4
10YR 3/1
10YR 4/1
5YR 2.5/2
5YR 3/1
2.5YR 3/3
2.5YR 3/3
2.5YR 3/4
2.5YR 3/4
2.5YR 3/4
2.5YR 3/4

Notes

Very rocky, lots of OM

Very rocky, lots of OM
Lots of small rocks
Lots of small rocks

Includes notes on other visible characteristics.
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Soil pH and Electrical Conductivity Results

Sample ID
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

pH
7.67
7.71
6.17
6.32
6.45
6.27
6.79
7.34
6.8
6.45
7.89
7.8
7.26
7.71
6.77
7.2
6.14
6.83
6.7
5.83
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EC (μS/cm)
444
330
463
441
475
406
521
506
402
524
380
452
551
337
561
489
563
436
345
415

Soil Organic Carbon Results
Sample ID
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C1
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
C2
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
C3
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
C4
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

Trial 1
FeSO4 total (mL)
18.4
0.506
7
0.507
2.2
0.506
12.2
0.504
10.2
0.505
11.2
20
0.505
11.4
0.514
10.2
0.504
27.8
0.501
28.8
0.512
1.8
19.8
0.505
23.6
0.509
1.4
0.509
0.8
0.506
10.8
0.507
7
19.8
0.506
8.4
0.508
10
0.511
12
0.504
12.8
0.507
12.8

Weight (g)

% carbon
3.67
5.21
2.00
2.65
2.32
2.55
2.86
-2.32
-2.63
5.33
-1.14
5.48
5.66
2.69
3.83
3.41
2.92
2.31
2.10
2.09

Sample ID
C1
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
C2
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
C3
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
C4
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

Weight (g)
0.250
0.250
0.251
0.250
0.251
0.251
0.253
0.250
0.251
0.255
0.253
0.256
0.250
0.252
0.254
0.250
0.256
0.252
0.250
0.257

Trial 2
FeSO4 total (mL)
19.2
9.4
10.6
16.6
16.4
15.8
20.6
16.4
15
1.2
6.2
10.2
20.6
5.8
9.4
12.4
4.6
13.4
19.8
13.6
14.8
15.8
16.4
13

Two trials were averaged for use in statistical analyses.

Average
% carbon

% carbon
6.13
5.38
1.62
1.75
2.12

4.90
5.29
1.81
2.20
2.22

2.44
3.22
11.30
8.35
5.94

2.50
3.04
11.30
8.35
5.64

8.52
6.37
4.78
9.25
4.13

8.52
5.92
5.22
9.25
3.98

3.76
2.96
2.41
2.06
4.01

3.59
2.94
2.36
2.08
3.05

Aggregate Stability Results
Sample ID

Weight (g)
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M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2
Size in mm

2.500
2.506
2.502
2.502
2.502
2.502
2.503
2.506
2.504
2.504
2.502
2.505
2.501
2.503
2.504
2.502
2.505
2.502
2.500
2.505

>2.0 mm (%) 1.0-2.0 mm (%) 0.5-1.0 mm (%) 0.25-0.5 mm (%) 0.09-0.25 mm (%) 0.063-0.09 mm (%) 0.0-0.063 mm (%)
0.4852
0.8360
0.1175
0.1259
0.2850
0.1331
0.2841
0.2961
0.3538
0.5244
0.5120
0.6986
0.4818
0.7323
0.3518
0.2738
0.2443
0.3249
0.0852
0.1453
2.0

0.2596
0.0654
0.1878
0.1515
0.3345
0.3078
0.2533
0.3049
0.2915
0.2288
0.1631
0.0986
0.1899
0.1091
0.2835
0.3185
0.2862
0.3042
0.1668
0.2491
1.0

0.1004
0.0239
0.3189
0.3389
0.1543
0.2118
0.1786
0.1648
0.1581
0.1010
0.1459
0.0723
0.1515
0.0404
0.1961
0.2138
0.2351
0.1922
0.4040
0.2367
0.5

0.0420
0.0088
0.1886
0.1379
0.0879
0.1503
0.1163
0.0443
0.0607
0.0439
0.0743
0.0347
0.0480
0.0140
0.0635
0.0803
0.0986
0.0679
0.1120
0.1381
0.25

0.0288
0.0056
0.0907
0.0576
0.0572
0.0963
0.0571
0.0180
0.0319
0.0236
0.0352
0.0224
0.0180
0.0080
0.0327
0.0424
0.0539
0.0372
0.1360
0.1034
0.09

0.0016
0.0004
0.0044
0.0028
0.0048
0.0128
0.0060
0.0020
0.0024
0.0016
0.0004
0.0024
0.0004
0.0008
0.0032
0.0044
0.0040
0.0020
0.0060
0.0100
0.063

0.0840
0.0603
0.0963
0.1882
0.0811
0.1007
0.1107
0.1720
0.1038
0.0783
0.0695
0.0735
0.1108
0.0963
0.0723
0.0711
0.0818
0.0735
0.0960
0.1273
-

Results shown for each aggregate size class used to calculate mean weight diameter (MWD).

MWD
1.293392800
1.752124102
0.637938849
0.612570344
1.009043165
0.726900879
0.945291650
0.992264565
1.096476837
1.341278754
1.281767786
1.542781637
1.242948021
1.598152617
1.104286741
0.997195444
0.922167665
1.070617506
0.579818000
0.702548902

Spore Density Results

Sample ID
M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2

Weight (g)
5.006
5.003
5.003
5.004
5.001
5.002
5.002
5.003
5.004
5.004
5.002
5.004
5.001
5.004
5.004
5.002
5.006
5.005
5.002
5.006

Total
78
288
124
94
46
76
94
181
106
81
70
64
71
55
198
202
149
155
99
83

Density / g soil
15.6
57.6
24.8
18.8
9.2
15.2
18.8
36.2
21.2
16.2
14
12.8
14.2
11
39.6
40.4
29.8
31
19.8
16.6

Total spore count from 5 g soil was used to calculate spores per 1 g-1 soil.
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Glomalin Absorbance Value Results
Sample ID
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M1-S1
M1-S2
M2-S1
M2-S2
M3-S1
M3-S2
M4-S1
M4-S2
M5.1-S1
M5.1-S2
M5.2-S1
M5.2-S2
M5.3-S1
M5.3-S2
M6-S1
M6-S2
M7-S1
M7-S2
M8-S1
M8-S2
Blank

Absorbance 1
0.3008
0.3739
0.4864
0.4025
0.2691
0.2831
0.2793
0.4238
0.3571
0.3245
0.4898
0.4013
0.3961
0.4418
0.322
0.3178
0.3253
0.2864
0.3127
0.2935
0.2454

Absorbance 2
0.3234
0.3917
0.371
0.3065
0.267
0.2862
0.2824
0.4198
0.2987
0.3091
0.5253
0.4286
0.3461
0.5014
0.2977
0.3107
0.2754
0.2767
0.2967
0.2947
0.2141

Absorbance 3
0.3198
0.3928
0.3643
0.3808
0.2738
0.3201
0.285
0.4032
0.3251
0.3071
0.485
0.3576
0.3634
0.4645
0.3018
0.299
0.3026
0.2976
0.3025
0.2863
0.1967

Average Absorbance (A s)
0.3147
0.3861
0.4072
0.3633
0.2700
0.2965
0.2822
0.4156
0.3270
0.3136
0.5000
0.3958
0.3685
0.4692
0.3072
0.3092
0.3011
0.2869
0.3040
0.2915
0.2187

As - Ablank
0.0959
0.1674
0.1885
0.1445
0.0512
0.0777
0.0635
0.1969
0.1082
0.0948
0.2813
0.1771
0.1498
0.2505
0.0884
0.0904
0.0824
0.0682
0.0852
0.0728

